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Salmonella is a leading cause of foodborne illnesses worldwide and 
poses a great potential threat to public health. To reduce salmonellosis, 
national regulatory bodies and food companies have used reliable and highly 
sensitive standard culture methods to monitor the presence of Salmonella in 
food products. However, the standard culture method is labour-intensive and 
time-consuming, usually taking up to 5 – 7 days to complete. Therefore, to 
obtain immediate information on Salmonella contamination, it is necessary to 
develop and implement a rapid detection method for Salmonella in foods.  
Raw duck meats and mung bean sprouts, which are widely consumed in 
Asian countries, were selected as model foods in this study. Three steps, 
including enrichment, sample pre-treatment, and real-time PCR detection, 
were optimised to develop a new diagnostic protocol for the rapid detection of 
Salmonella in duck meats and mung bean sprouts. Nine commercially 
available enrichment broths were evaluated for their effectiveness on the 
regrowth and recovery of healthy and injured Salmonella in the food samples. 
Immunomagnetic separation (IMS) and centrifugation as sample pre-treatment 
methods were used to concentrate and isolate bacteria from different food 
matrices, and their performances were evaluated. The condition of real-time 
PCR was optimised by comparing the performance of different primer sets. 
The effectiveness of the newly developed real-time PCR based detection 
method was evaluated and validated using both artificially inoculated and 
naturally contaminated food samples.  
Results showed that ONE broth-Salmonella (OB) and buffered peptone 
water (BPW) were suitable broths to enrich healthy and injured Salmonella in 
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duck meat and sprouts, respectively. However, lactose broth (LB) was unable 
to recover Salmonella to detectable levels in either duck or sprout samples, 
causing possible false negative results in Salmonella detection. IMS helped 
decrease the detection limit of PCR for duck meats, while comparable 
performance was observed in IMS and centrifugation for bean sprouts. Using 
Sal primer allowed lower detection limit and higher PCR efficiency than the 
invA and ttr primers. All inoculated samples were successfully detected by the 
newly developed real-time PCR based method. The diagnostic accuracy of 
real-time PCR coupled with IMS or centrifugation for duck meat and sprouts 
was shown to be 98.3% in the validation study.  
These results indicate that with appropriate enrichment and sample pre-
treatment steps, this newly developed and optimised real-time PCR based 
procedure could shorten the whole detection time to 16-h, compared with the 
5-7 days detection period of standard culture methods. Thus, this new protocol 
might contribute to improve a monitoring/surveillance program and eventually 
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CHAPTER 1  Introduction 
 
 
1.1 Research background 
Salmonellosis is a foodborne illness caused by Salmonella, a genus of 
rod-shaped, Gram-negative bacteria. Most persons infected with Salmonella 
develop diarrhea, fever, and abdominal cramps after 12 to 72 hours infections, 
while more serious symptoms may occur in older adults, infants, and persons 
with chronic diseases (CDC, 2009a). Salmonella has been identified as a 
major public health threat, causing millions of illness and billions of economic 
burdens each year (CDC, 2015a; EFSA 2015). S. Typhimurium and S. 
Enteritidis are the most frequently reported serotypes in foodborne outbreaks 
both in the United States (US) and European Union (EU) (CDC, 2009a; 
ECDC, 2014). Other serotypes, such as S. Agona, S. Montevideo, S. Newport, 
S. Saintpaul, S. Tennessee, etc. have also been implicated in some food-related 
outbreak in the past decades (Bayer et al., 2014; CDC, 2007a; CDC, 2009b; 
CDC, 2011a; FDA, 2014a).  
The main food sources of transmission of human salmonellosis are 
contaminated egg, poultry, unpasteurised milk, raw fruits, vegetables, etc 
(FDA, 2012; Giannella et al., 1996). Duck meat, which production is 
dominated by Asia, has been shown to be a reservoir of Salmonella (Adzitey 
et al., 2011; EFSA, 2014). Mung bean sprouts, as another widely consumed 
fresh produce in Asian countries, have also been identified as a potential 
Salmonella reservoir due to the humid and nutritious sprouting conditions 
(Harris et al., 2003; Yang et al., 2013). Numerous of outbreaks of Salmonella 
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related to these two food matrices have been reported in recent years. An 
outbreak that involved with Salmonella contaminated ready-to-eat smoked 
duck breast was reported in July 2011 (USDA, 2011). Later in the same year, 
a large S. Newport outbreak was reported in Germany and Netherlands due to 
the consumption of contaminated mung bean sprouts, resulting in 106 
sickened people (Bayer et al., 2014). Recently, a total of 356 persons in US 
were infected with S. Typhimurium linked to the contact with backyard 
ducklings (CDC, 2013a). A more recent outbreak of S. Enteriditis that 
occurred in US was associated with consumption of mung bean sprouts (FDA, 
2014b).  
To ensure the safety of duck meat and mung bean sprout consumption, 
an accurate and effective pathogen detection method is essential. The standard 
culture methods developed by either US Food and Drug Administration (FDA) 
(FDA, 2014c) or International Organization of Standardization (ISO) (ISO, 
2002) have been used as “Gold standard method” by both governmental 
authority and food industry for many years. However, these standard culture 
methods are laborious and involve several enrichment and selective steps, 
followed by biochemical identification, usually taking 5 – 6 days to complete 
and by this time the contaminated foods are already in the market. Given the 
short shelf life of 5 to 12 days of poultry products (Bolton et al., 2014) and 
mung bean sprouts (CDC, 2015a), there is an increasing need for alternative 
detection methods that possess equally high accuracy but shortened detection 
periods for these highly perishable products (Almeida et al., 2013; Shields et 
al., 2012), so as to enable effective pathogen control, cost saving and longer 
display duration (Almeida et al., 2013; Shields et al., 2012).  
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 Taqman-based real-time polymerase chain reaction (PCR) has been 
widely used in the screening of Salmonella on various food matrices including 
meat (Fedio et al., 2011; Ma et al., 2014; Rodriguez-Lazaro et al., 2014; 
Warren et al., 2007), egg and egg products (Almeida et al., 2013; Malorny et 
al., 2004), milk and dairy products (Malorny et al., 2007; Rodriguez-Lazaro et 
al., 2014), pine nuts (Wang et al., 2015), fish (Malorny et al., 2004), fruit and 
vegetables (Kisluk and Yaron, 2012; Liming and Bhagwat, 2004; Rodriguez-
Lazaro et al., 2014), etc. This method combines PCR with a specific 
fluorescent probe to indicate the amplified product in the same reaction, 
enabling equivalent sensitive and faster detection than traditional PCR and 
standard culture methods (Espy et al., 2006). However, certain challenges are 
still identified from this real-time PCR based detection.  
First of all, an effective enrichment is a crucial step to recover 





 CFU/ml, or even higher, depending on different food matrices 
(Gonzalez-Escalona et al., 2012; Hyeon et al., 2010; Malorny et al., 2004; 
Wang et al., 2006). This enrichment step is especially important in detecting 
naturally contaminated foods where Salmonella usually appears in relatively 
low concentrations and physiologically weakened status due to the 
environmental stresses or processing conditions (Jasson et al., 2011; Li et al., 
2010). For example, Salmonella cells on duck during plucking may be heat 
injured (Andrea, 2015) while cells on mung bean sprouts maybe injured 
during sanitising treatment (Wilderdyke et al., 2004). 
The increased sensitivity of real-time PCR makes it more susceptible to 
food matrix-associated inhibitors such as fat particles, proteinases (Lusk et al., 
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2013) and polyphenolic compounds (Park et al., 2014). Therefore, in addition 
to the enrichment step, an appropriate sample pre-treatment is also very 
important to isolate the target bacteria from a complex food suspension, as 
well as to concentrate them after enrichment (Leon-Velarde et al., 2009; 
Shields et al., 2012). Immunomagnetic separation (IMS), which depends on 
the monoclonal antibodies attached to magnetic spheres for the selective 
isolation of target cells from a mixed population (Stevens and Jaykus et al., 
2004), has been widely used to assist with either culture or molecular methods 
for the detection of pathogenic bacteria such as Salmonella (Rijpens et al., 
1999), Escherichia coli O157:H7 (Karch et al., 1996) and Listeria 
monocytogenes (Uyttendaele et al., 2000). Centrifugation, another well-known 
sample pre-treatment, has been used by many investigators to concentrate 
bacterial cells before extracting nucleic acids for PCR (Lofstrom and Hoorfar, 
2012; Rodriguez-Lazaro et al., 2014; Wang et al., 2015). Some challenges 
have been identified for both methods when they are applied to a real situation. 
For example, the IMS process is expensive and non-specific binding of 
immunomagnetic beads was reported in many cases (Foddai et al., 2010; Park 
et al., 2014) with a concern about reduction of capture efficiency. Though 
inexpensive and simple, centrifugation, on the other hand, spins down the 
target bacteria along with food particles that may contain PCR inhibitors 
(Dwivedi and Jaykus, 2011; Stevens and Jaykus, 2004). Therefore, the 
selection of proper sample pre-treatments is case-specific and needs to be 
evaluated accordingly.  
Apart from the enrichment and sample pre-treatment steps, the ability of 
real-time PCR as a detection tool for the specific food matrices such as duck 
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meat and mung bean sprouts needs to be re-evaluated. This is because 
different food components and background microbiota may affect the 
performance of real-time PCR. To achieve higher sensitive and specific 
detection of real-time PCR, the performances of different primer/probe sets, 
which provide the first level of specificity for PCR assay (Espy et al., 2005), 
need to be compared and to select the most suitable primer/probe set for 
Salmonella detection.  
 
1.2 Research objectives  
Research gaps 
Though real-time PCR has been applied in Salmonella detection related 
to different food matrices in previous studies, no study has focused on a 
comprehensive real-time PCR based method for the detection of Salmonella 
on both raw duck meat and mung bean sprouts. To specify, absent of 
knowledge includes: 
(1) No study has compared up to nine of the commonly used commercial 
enrichment broths for the recovery of Salmonella in raw duck meat and 
mung bean sprouts. Meanwhile, the failure of lactose broth that is 
recommended by FDA BAM in recovering Salmonella in many food 
matrices is unclear. 
(2) No study has evaluated the efficiency of different sample pre-
treatments in assisting real-time PCR to detect Salmonella on raw duck 
meat and mung bean sprouts. 
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(3) Rarely study has included the sub-lethally injured Salmonella that 
simulates the real condition to estimate a minimum time to reach 100% 
detection in real-time PCR. 
(4) Rarely study has applied both artificially inoculated and naturally 
contaminated food samples to comprehensively evaluate the newly-
developed or optimised rapid detection method. 
 
Aims of this study 
The overall aim of this study was to evaluate the efficiency of a 
developed molecular based rapid detection method using real-time PCR, 
which was assisted with an efficient enrichment step and an appropriate 
sample pre-treatment (either IMS or centrifugation), in the detection of healthy 
and sub-lethally injured Salmonella on both raw duck meat and mung bean 
sprouts, to enable cost saving, effective pathogen control and quality assurance. 
To achieve this goal, the following specific aims were fulfilled by: 
(1) finding a better enrichment broth for the recovery of healthy and heat-
injured S. Typhimurium at low concentrations on raw duck wings by 
comparing various commercial enrichment broths. (Chapter 3) 
[Some parts of this study were completed with the assistant of Miss 
Caroline Bustandi, FST Honours project, year 2011/2012]; 
(2) optimising the protocol for a molecular-based, rapid detection of low 
concentrations of S. Typhimurium on raw duck meat by assisting with 
sample pre-treatments. (Chapter 4); 
(3) selecting a suitable enrichment broth for the detection of Salmonella 
spp. on raw mung bean sprouts by comparing the growth parameters of 
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healthy and sanitizer-injured cells in various broth media using growth 
modeling, and further, exploring the reason for the ineffectiveness of 
lactose broth in enriching Salmonella cells on mung bean sprouts. 
(Chapter 5) 
[Some parts of this study was completed with the assistant of Mr Craig 
D’Souza, FST Honours project, year 2013/2014]; and 
(4) evaluating the effectiveness of different sample pre-treatments for the 
concentration and the isolation of Salmonella cells from mung bean 














CHAPTER 2  Literature review 
 
2.1 Duck meat and mung bean sprouts 
Duck meat has been appreciated by people around the world for its taste 
and nutritional qualities during periods of history. Like other meats, duck meat 
is an excellent source of high quality protein containing a well-balanced array 
of amino acids. Duck also contains desirable amounts of certain minerals (iron, 
phosphorus, zinc, copper, and selenium) and vitamins (thiamin, riboflavin, 
niacin, pantothenic acid, Vitamin B6, Vitamin B12) (Anonymous, 2015). 
Duck leg meat with or without skin or duck breast without skin contain 
relatively low levels of fat and calories when compared to chicken and turkey 
(Dean, 2008). Today, duck is still very popular and in strong demand in many 
areas of the world, especially in Asia. Except for France, the four of the top 
five duck meat consumption countries, namely, China, Malaysia, Myanmar 
and Vietnam, are all Asian countries (International Poultry Council, 2011).  
Mung bean sprouts are the most popular sprouts in the world and are 
widely consumed in Asia as well, and are gaining more and more favour in the 
West for their vitamins and nutrients, rapid growth and resilience in adverse 
weather (Anonymous, 2014; Wu et al., 2013). Sprouts are characterised by 
low fat, high dietary fiber, moderate plant protein, as well as an excellent 
source of Vitamin B, Vitamin C, Vitamin K, copper and iron (Kerns, 2013). 
Although sprouts are substantially enough to stand-up to high temperature, 






2.2.1 Features and taxonomy 
Salmonella is a genus of rod-shaped bacteria of the Enterobacteriaceae 
family. They are Gram-negative and non-spore-forming bacteria with 
peritrichous flagella. They are chemoorganotrophs, obtaining their energy 
from oxidation and reduction reactions using organic sources such as glucose, 
and are facultative anaerobes (Xiong et al., 2011). 
There are two species of Salmonella, Salmonella bongori and Salmonlla 
enterica, while the latter can be further divided into six subtypes: enterica, 
salamae, arizonae, diarizonae, houtenae and indica. On the basis of host 
preference and disease manifestations in humans, Salmonella has historically 
been clinically categorised as invasive (typhoidal) or non-invasive (non-
typhoidal) (Foley and Lynne, 2008; Lahiri et al., 2010), while the thousands of 
non-typhoidal Salmonella (NTS) serotypes predominantly cause infection in 
healthy individuals (Feasey et al., 2012) 
 
2.2.2 Salmonella as pathogens 
Salmonella is a well-known pathogen and causes salmonellosis that has 
gastroenteritis syndroms (Giannella et al., 1996). Most commonly, once 
Salmonella enters the human body, some of the Salmonella are killed during 
the stomach transit while the remaining organisms pass through the gastric 
acid barrier, colonise the ileum and colon, and invade the intestinal epithelium. 
Invasion of epithelial cells induces the synthesis and release of various 
proinflammatory cytokines, including IL-1, IL-6, IL-8, etc. Theses cytokines 
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evoke the intestinal inflammatory reaction such as abdominal pain and 
diarrhea, and may lead to ulceration and destruction of the mucosa (Gal-Mor 
et al., 2014; Giannella et al., 1996). 
Human infection usually occurs when consuming contaminated foods 
and water (Davies et al., 2004; Krauss et al., 2003; Murray et al., 2007). There 
are different routes to get Salmonella infection in different food products. 
Contaminated meat and poultry products are the most common modes to 
transmit Salmonella because they are zoonotic (Pasquali et al., 2014) and 
Salmonella are naturally found in chickens, ducklings, sheep and pigs 
(Sanchez-Vargas et al., 2011). In general, live poultry may harbour Salmonella 
in either their intestinal tract or on their bodies (feathers) by passing through 
from parent animals or small insects, or by contaminated fresh feed 
(Heyndrickx et al., 2002). These infected live poultry, as well as the 
inadequate cleaning of slaughter plants, lead to the high chances of consuming 
contaminated end products.  
Likewise, an increasing number of salmonellosis occurs as a result of 
eating contaminated produce (Hanning et al., 2009). The most common cases 
are the raw and not fully cooked sprouts (Mohle-Boetani et al., 2009). The 
initial risk from sprouts starts from the contamination during the seed 
production. The key aspect of sprouts that increases the risk of foodborne 
disease compared to other fresh produce is the exponential growth of 
pathogenic bacteria during sprouting (Ge et al., 2014). Sprout irrigation water 
is another main source of initial contamination, as well as poor sanitation of 
sprouting equipment and inadequate worker hygiene (Fu et al., 2008; Maks 




2.2.3 Salmonella outbreaks 
Salmonella is a major cause of foodborne illnesses throughout the world 
and it is the second most common intestinal infection in the US and EU (CDC, 
2015a; EFSA, 2011a). More than 7,000 cases of Salmonella infection were 
confirmed in 2009 in US while 108,614 human cases were reported in the 
same year in EU (EFSA, 2011b). However, according to the annual report by 
Centers for Disease Control and Prevention (CDC) (2013b), the majority of 
cases might be unreported, estimating that over 1 million people in US get sick, 
an average of 20,000 are hospitalised and almost 400 deaths occur from 
Salmonella outbreaks each year. 
Poultry and poultry related products have been identified as the major 
source for Salmonella outbreaks. However, there is an increasing number of 
Salmonella infections caused by fruit and vegetables (Hanning et al., 2009), 
which has accounted for 2% of Salmonella outbreak in the 1980s, followed by 
an increase to 6% in 1990s (Bean and Griffin, 1990; Sivapalasingam et al., 
2004). Figure 2-1 shows the distribution of food matrices that accounted for 
the Salmonella outbreaks in the past 10 years (2006 – 2015), according to all 
the cases reported by CDC (CDC, 2006; CDC, 2007a-c; CDC, 2008a-b; CDC, 
2009a-d; CDC, 2010a-f; CDC, 2011a-h; CDC, 2012a-k; CDC, 2013a-h; CDC, 
2014a-i; CDC, 2015b-e). Poultry still accounts for most of the outbreaks 
(20.54%) while fruit and vegetable occupied the third largest percentage of the 
Salmonella outbreaks (14.51%). According to the data reported by European 
Food Safety Authority (EFSA), fruit and vegetable also accounted for 12.65% 
of Salmonella outbreaks while poultry accounted for a lower proportion 
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(10.84%) in EU in 2009 (EFSA, 2011b). S. Enteritidis and S. Typhimurium 
are the most common serotypes that cause outbreaks in US and EU (CDC, 
2011b; EFSA, 2011b). Besides, other serotypes have been identified as main 
culprits for the outbreaks. For example, S. Newport is listed as the third and 
fifth most frequently reported serotype in US and EU, accounting for 11.4% 
and 0.9% of the outbreaks, respectively. S. Montevideo, S. Saintpaul and S. 
Agona are also ranked as top 15 most frequently reported serotypes in US 
(CDC, 2011b). Table 2-1 shows some of the Salmonella outbreak cases linked 
to poultry and fresh produce from 2006 – 2015.  
 
Figure 2-1 The distribution of food matrices that accounted for Salmonella 
outbreak in United States from 2006 – 2015, data from CDC reported cases 
(CDC, 2006; CDC, 2007a-c; CDC, 2008a-b; CDC, 2009a-d; CDC, 2010a-f; 






Table 2-1 Major Salmonella outbreaks related to poultry and fresh produce during the last 10 years. 
Year Country Food matric Salmonella serotype No. of illness Reference 
Nov, 2006 US Tomatoes S. Typhimurium 183 CDC, 2006 
Jul, 2007 Sweden Alfalfa sprouts S. Stanley 51 Werner et al., 2007 
May, 2009 US Alfalfa sprouts S. Saintpaul 235 CDC, 2009b 
Jan – Aug, 2011 US Papayas S. Agona 106 CDC, 2011a 
Nov, 2011 Germany Mung bean sprouts S. Enteritidis 106 Bayer et al., 2014 
Mar – Sep, 2012 US Live poultry S. Infantis, S. Newport 195 CDC, 2012a 
Mar, 2012 US Live poultry S. Montevideo 93 CDC, 2012b 
Mar – May, 2013 US Live poultry S. Typhimurium 356 CDC, 2013a 
Feb, 2013 US Cucumber S. Saintpaul 84 CDC, 2013c 
Oct, 2013 US Raw chicken S. Heidelberg 634 CDC, 2014a 
Nov, 2014 US Bean sprouts S. Enteritidis 115 CDC, 2014b 
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2.2.4 Environmental factors affecting Salmonella survival 
 
As a foodborne pathogen, Salmonella usually stay on foods, food 
producing facilities, or on some contact surfaces for a long period of time. 
They are able to survive in cattle slurries for 19-60 days, cattle manure for 48 
days, soil for 231 days, and water for up to 152 days (Guan and Holley, 2003; 
Islam et al., 2004). However, there are several stress factors such as 
temperature, water activity and sanitation, which will affect viability of 
Salmonella cells on foods during processing and storage. These factors could 
induce injured cells that might be neglected by routine monitoring or 
surveillance systems.  
 
Temperature 
Usually, Salmonella can survive for many days under refrigeration (4°C) 
condition (Morey and Singh, 2012) and it has been reported that Salmonella 
stay on the surfaces of vegetable under refrigeration for 28 days (Ministry of 
Healthy, 2001). However, higher temperature, such as 60°C or above, could 
affect the viability of Salmonella, reduce the number of cells or cause cell 
injury (Brandl et al., 2008; James et al., 2002). During poultry processing, 
scalding is a normal practice before defeathering. Scalding at 60°C was 
reported to reduce Salmonella cell counts of more than 2 log (Yang et al., 
2001). And it is known that the remaining cells on the products could be 
injured by this process (Buncic and Sofos, 2012).  
 
Water activity (aw) 
Although Salmonella requires aw > 0.93 to growth, it can survive in dry 
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environments, such as chocolate (aw 0.3 – 0.5) (Gurtler et al., 2014; Santillana-
Farakos et al., 2013), or even lower moisture products, a sesame seed-based 
product (aw 0.18) (Finn et al., 2013), for several months. Salmonella also have 
caused several outbreaks in another popular low-moisture food product, 
peanut butter (aw 0.2 – 0.45) (Burnett et al., 2000; Ma et al., 2009). 
 
pH 
Although Salmonella is more sensitive to acidic conditions compared 
with other enteric bacteria such as Shigella and E. coli, Salmonella can still 
survive several hours on food surfaces even under very low pH conditions 
(Waterman and Small, 1998). Nevertheless, studies showed that Salmonella 
got injured at below pH 5.0 (Cox et al., 2013; Tiganitas et al., 2009) and if pH 
falls down below 4, it may have a lethal effect (Foster, 1995).  
 
Sanitation 
Chemical sanitisers are commonly used in the food industry to control 
pathogenic bacteria for both poultry products and fresh produce (Buncic and 
Sofos, 2012; Neo et al., 2013). Sanitation is a routine practice in the sprout 
industry to help control pathogenic bacteria (Wilderdyke et al., 2004). 
Salmonella is not especially resistant to chemical sanitisers used in the food 
industry. Therefore, the use of chlorine based sanitisers to reduce Salmonella 
has been preferred since they are economically feasible. Chlorine, as the most 
popular and traditional sanitiser, has been reported to inactivate of Salmonella 
by 1.5 to 2 log and caused injury to the remaining Salmonella cells (Neo et al., 
2013; Lee et al., 2002).  
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2.3 Conventional culture method for Salmonella detection 
To ensure food safety, it is very important to use an accurate method to 
detect Salmonella before releasing food products to markets. To date, 
Bacteriological Analytical Manual (BAM) from FDA (FDA, 2014c) and ISO 
method (ISO, 2002) have been adopted by government authorities and the 
food industry as the “Gold standard method” in Salmonella detection. Figure 
2-2 shows the standard procedure according to the ISO method. Both of these 
methods involve pre-enrichment in non-selective media, selective enrichment, 
followed by colony isolation from selective agar and final biochemical 
identification. The biochemical identification includes several reactions, such 
as H2S and indole production, fermentation of carbon sources including 
glucose, mannitol, sorbitol, sucrose, melibose and amygdalin, and oxidation 
reaction (Hendriksen, 2003). 
 
2.4 Rapid method for Salmonella detection 
Considering the deleterious effects of Salmonella on public health and 
the limited shelf life of many food products, there is an ongoing need to 
develop more advanced methods that can rapidly and accurately detect 
Salmonella in foods before they reach consumers. During the last decades, 
there have been new available rapid methods that are characterised by high 
sensitivity and specificity. However, the sensitivity and specificity of these 
detection tools are still largely affected by target cell concentration and certain 
interferences from food debris, background mirobiota. Therefore, for a better 
understanding of the rapid detection methods, it is necessary to review three 
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main steps involved in these methods: an enrichment step for the regrowth of 
Salmonella into a higher level, a sample pre-treatment step to concentrate and 
isolate Salmonella from food matrices, and a sensitive downstream detection 
step.  
 
Figure 2-2 Salmonella detection procedure using standard ISO method (ISO, 
2002). Rappaport-Vassiliadis soya broth (RVS), muller-Kauffmann 




2.4.1 Enrichment step 
Usually, the numbers of Salmonella are relatively low in food samples 
compared with the background microbiota. Besides, Salmonella cells may be 
present in injured conditions due to intervention techniques during food 
processing and storage as described above (Wilderdyke et al., 2004). Although 
novel detection methods and effective sample preparation techniques have 
been developed and improved significantly, successful detection may be 
difficult to achieve if Salmonella forms only a minority among competitors 
(Busse, 1995). In the standard culture method, a two-step enrichment 
(preenrichment and selective enrichment) that takes two days is suggested, 
which directly leads to the long detection period. Thus, an shortened, one-step 
enrichment is a decisive step to effectively enable resuscitation and regrowth 
of Salmonella cells in foods to detectable levels and thus, great efforts have 
been made in recent years to compare and improve media that enable this one-
step enrichment in developing rapid detection system.  
 
Non-selective enrichment broths 
Buffered peptone water (BPW), lactose broth (LB) and universal 
preenrichment broth (UPB) are mainly used as preenrichment broths in 
standard culture methods for Salmonella detection (FDA, 2014b; ISO, 2002), 
and therefore, they were widely used as one-step enrichment broth in many 
rapid detection methods. Because of the nutritious and well-buffered system, 
BPW was shown to be effective in Salmonella recovery from beef, sprouts, 
poultry, dairy to assist the downstream detection in numerous studies (Chen et 
al., 1993; Gorski and Liang, 2010; Kanki et al., 2009; Lofstrom and Hoorfar, 
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2012; Rodriguez-Lazaro et al., 2014; Worcman-Barninka et al., 2001). 
However, due to the poor buffered capacity and a large amount of lactose, 
which cannot be fermented by Salmonella, LB showed less effective in 
recovering Salmonella in some studies (D’Aoust et al., 1990; Wang et al., 
2015). UPB is another commonly used media for Salmonella recovery from 
various food matrices (Kanki et al., 2009; Kim and Bhunia, 2008) and has 
shown comparable (Gorski and Liang, 2010; Hammack et al., 2004; Wang et 
al., 2015) or even a slightly better effectiveness than BPW in some studies 
(Hoorfar and Baggesen, 1998). Apart from those mentioned above, tryptone 
soy broth (TSB) and nutrient broth (NB) were also used in Salmonella 
recovery studies (Baylis et al., 2000; Gorski, 2012).  
 
Selective enrichment broths 
Non-selective enrichment is suitable for both healthy and injured cells 
but overgrowth of non-target bacteria in the products may occur, inhibiting the 
regrowth and resuscitation of Salmonella cells (Taskila et al., 2012). To 
overcome this challenge, some selective enrichment broths have been used to 
enrich Salmonella cells for rapid detection methods. Selective enrichment 
broths have selective agents to inhibit background microbiota, facilitating the 
regrowth of Salmonella cells. The selective agents of enrichment broths that 
are commonly used are listed in Table 2-2. Currently Rappaport-Vassiliadis 
soya broth (RVS) and tetrathionate broth (TT) have been widely used as the 
selective enrichment broth in the standard methods (FDA, 2014b; ISO, 2002), 
and has shown more effective than selenite-cystine (SC) (Chen et al., 1995; 
Hammack et al., 2004; Rall et al., 2005). Among them, RVS has been shown 
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to be very effective in enriching Salmonella cells in several studies (Maijala et 
al., 1992; Pal and Marshall, 2009; Schonenbrucher et al., 2008; Vassiliadis, 
1983), while TT has shown to be less effective than RVS, especially in 
recovering Salmonella cells from foods with a high microbial load (Beckers et 
al., 1986; Hammack et al., 1999; June et al., 1996).  
Besides the commercially available selective media, many researchers 
also developed some selective enrichment broths to assist the one-step 
enrichment by supplementing the non-selective broth with other substances to 
increase the selectivity. The most commonly added selective agents are 
antibiotics, such as novobiocin and nalidixic acid (Table 2-2).  
 
Enrichment broths for recovery of injured cells 
Limited study has been conducted to use sub-lethally injured cells to 
evaluate the performance of the newly developed detection methods. However, 
these sub-lethally injured target cells must be considered as they are always an 
issue in testing the detection system (Lofstrom et al., 2010; Lofstrom and 
Hoorfar, 2012).  
Five non-selective enrichment broths, namely, TSB, LB, BPW, selenite 
broth (SB), and selenite cysteine broth (SCB) were evaluated for their abilities 
to resuscitate acid- and heat-injured Salmonella cells (Chang and Lee, 2003). 
In this study, TSB and BPW were more effective in recovering heat-injured S. 
Enteritidis in a short period of enrichment time. Another report demonstrated 
that the addition of certain metabolic enzymes may substantially accelerate the 
recovery step (Stephens et al., 1997). The addition of pyruvate has been shown 
to be important for the repair of injured microorganisms (Hoorfar and 
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Table 2-2 Summary of the selective agents used in the Salmonella enrichment to isolate Salmonella from background microbiota. 
 




Concentration Functions References 
Thiosulphate  TT, TBG 30.0 g/L Suppress coliform organisms that do not possess the 
enzyme tetrathionate reductase. Selective to E. coli 
and Shigella.  
Chen et al., 1995; Hammack et 
al., 2004; Rall et al., 2005 
Brilliant green MKTTn, TBG, 
SBG 
0.001% w/v Improve media selectivity by suppressing the growth 
of Gram-positive bacteria and Gram-negative bacilli 
Chang et al., 1999; Hammack 
et al., 2004; Rall et al., 2005 
Ferrioxamine E Supplemented 
into broths 
0.05 – 1 µg/ml 
 
Help the multiplication of Salmonella. Selective with 
E. coli, and Proteus.  
Reissbrodt, et al., 1995; 
Heinonen-Tanski et al., 2000 
Malachite green RV, RVS 0.04 g/L Used as antimicrobial. Salmonella is more resistant 
to it compared with other Enterobacteriaceae. 
Chen et al., 1995; Hammack et 
al., 2004; Rall et al., 2005 
Novobiocin Supplemented 
into broths 
22 µg/ml Improve media selectivity by suppressing the growth 
Proteus and Pseudomonas.  
Jensen et al., 2003; 
Restaino et al., 2001; Stephens 
et al., 1998 
Nalidixic acid SEL 0.002 – 0.04 g/L Improve media selectivity by suppressing the growth 
of Gram-positive bacteria, such as Proteus. 
Kim and Bhunia, 2008; Yu et 
al., 2010 
Selenite SC, SBG 4 g/L React with sulphur and sulphydral groups in critical 
cell components. Proteus and Pseudomonas appears 
to be resistant to its effects, therefore, it would be 
better to work with other selective agents. 
Chang et al., 1999; Hammack 
et al., 2004; Rall et al., 2005 
1
TT, tetrathionate broth; TBG, tetrathionate brilliant green; MKTTn, Muller-Kauffmann tetrathionate novobiocin broth; SBG, selenite brilliant 
green; RV, Rappaport-Vassiliadis broth; RVS, Rappaport-Vassiliadis soya broth; SC, selenite cysteine broth. 
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Baggesen, 1998). TSB supplemented with 2% NaCl improved the recovery of 
heat-injured Salmonella cells (Chambliss et al., 2006). Using SPRINT that 
includes Salmonella recovery supplement has shown to be superior to the 
BAX MP in recovering heat-injured cells from dairy products, with a ratio of  
61% to 36% (Baylis et al., 2000). 
 
2.4.2 Sample pre-treatments 
A certain concentration of target cells in the suspension is critical to 
achieve a successful downstream detection, however, the complicated food 
conditions, such as food debris and background microbiota, may have certain 
interferences on the sensitivity of the downstream detection. Taking the most 
commonly applied PCR-based detection for example, the background 
microbiota (Lofstrom et al., 2011) and food debris, such as fat particles, 
proteinase, collagen, and polyphenolic compounds (Kim et al., 2000; Lusk et 
al., 2013; Park et al., 2014; Rosen et al., 1992; Wilson, 1997), may cause false 
negative results by increasing Ct value to above detection limit, or inhibiting 
the PCR reaction. Fresh produces, such as bean sprouts, are known to have a 
high level of background microbiota (Fedio et al., 2011; Neo et al., 2013), 
while poultry and egg products (Martin et al., 2012) contain considerable 
amounts of other PCR inhibitors such as high levels of fat particles. Thus, to 
remove PCR inhibitors and to improve the PCR detection probability, the 
application of sample pre-treatment techniques is necessary before subjecting 
the enriched suspensions to downstream detection tool. Successful and 
effective sample pre-treatments can improve the accuracy of downstream 
detection tools by either separating pathogens from food matrices and PCR 
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inhibitors or by concentrating the pathogens to detectable levels (Martin et al., 
2012; Steven and Jaykus, 2004). Separation can be defined as the removal of 
the non-target populations from a complex mixture, while concentration is 
defined as a process that reduces the sample volume to increase the density of 
target bacteria (Steven and Jaykus, 2004). According to the sample pre-
treatments that are usually applied in the food samples, these methods can be 
categorised as physical methods, which include filtration and centrifugation, 





Centrifugation is routinely used in sample preparation to concentrate 
bacterial cells. According to the applications in previous study, it can be 
categorised as buoyant density centrifugation (BDC) or simple centrifugation.  
BDC is an advanced centrifugation method that can concentrate the 
target pathogens, as well as can separate bacteria from food matrices, leaving 
the sediment less of PCR inhibitors (Benoit and Donahue, 2003). There are 
two methods of BDC, namely, flotation and sedimentation. Flotation, in which 
the top layer consists of a low-density solution and the bottom layer consists 
of a high-density solution of density gradient medium mixed with the sample 
(Fukushima et al., 2007), has been used to isolate and separate Salmonella 
cells from poultry skin, leaving the obtained suspensions without dead cells 
and PCR inhibitors (Wolffs et al., 2007). Although BDC can separate the 
bacteria from food matrices as well as concentrate bacteria, the centrifugal 
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forces vary from the different buoyant densities of the tested food particles, 
and bacterial strains (Wolffs et al., 2004), therefore, it is still very laborious to 
determine the appropriate parameters for each food and pathogen.  
In most of the cases, researchers used simple high-speed centrifugation 
(<60,000 g) to concentrate bacterial cells. Wang et al. (2015) concentrated 
Salmonella cells from 1 ml of pre-enriched pine nut samples into 250 µl by 
centrifuging at 10,000 g for 5 min at 4°C. Rodriguez-Lazaro et al. (2014) also 
used the same parameters to centrifuge Salmonella cells from poultry, pork, 
dairy products and vegetables. Jenikova et al. (2000) used centrifugation to 
concentrate Salmonella cells from minced meat and showed that it helped 
lower the detection limit than other tested separation methods. This simple 
centrifugation was also used in other experiments to concentrate Salmonella 
cells before DNA extraction (Lofstrom et al., 2010; Lofstrom et al., 2012; 
Mainar-Jaime et al., 2013). This kind of centrifugation is simple and is easy to 
handle. Though it cannot remove the food debris, it is still effective and is 
used in many studies. 
 
Filtration method 
Filtration is a physical separation method based on different sizes of 
bacteria and food matrices. Liquid suspensions pass through a membrane filter 
with certain pore size, under positive or negative pressure. Target bacteria can 
either be captured on the filter membrane, or pass through the filter while 
leaving the larger particles, such as molecules in food matrices on the 
membrane (Benoit and Donahue, 2003).  
Hoszowski et al. (1996) used two filters with decreasing pore sizes to 
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separate Salmonella from 100 ml of chichekn carcass, reaching more than 77% 
recovery. Wolffs et al. (2006) also used two filters to remove large particles 
first (>40 µm) and then recover Salmonella cells (0.22 µm) from 100 ml of 
chicken rinse and spent irrigation water.  
However, clogging is always a major problem in filtration. Clogging 
may happen to the upper surface of the filter or trap within the filter pores 
(Thomas, 1988), and therefore either too large or too small volume of analysis 
is not suitable for this method. Because a large amount of food suspensions is 
usually dealt with in the food industry, to overcome this problem, several 
chemical, enzymatic and mechanical strategies have been applied to optimise 
filtration methods (Mayrl et al., 2009; Mester et al., 2010; Sharpe et al., 2000). 
Murakami (2012) reported using a vacuum filtration system that used particle 
retention rate of 1.2 µm to separate Salmonella enterica from deli meat and 
whole milk. High bacteria recovery rate (over 90%) was obtained because the 
system was optimised by adding microbeads to prevent filter clogging. But the 
difficulty to deal with either too large or too small volume of suspensions still 
remains in filtration method.  
 
Absorption methods 
Absorption methods for the separation and concentration of target 
bacteria rely on biosorbent matrices, such as antibody, lectin, or bacteriophage. 
The biosorbent matrices are immobilised on a solid support and can recognise 




Lectins are carbohydrate-binding proteins that bind selectively to the N-
acetyl glucosamine residue of the peptidoglycan layer. Some lectins have been 
shown to bind to the bacterial surface components such as lipopolysaccharides 
(Patchett et al., 1991). They can be immobilized onto agarose beads or 
magnetic microspheres and absorb and separate bacteria from suspensions 
(Stevens and Jaykus, 2004). However, studies have shown that the binding 
efficiency of lectins to Salmonella is relatively low, compared with the 
binding of lectins to Gram-positive L. monocytogenes (Patchett et al., 1991; 
Payne et al., 1992). Due to the low binding rate, the lectin-based method is 
rarely used in Salmonella isolation from food samples.  
 
Bacteriophage 
In 1997, Bennett et al. (1997) first reported the use of Salmonella-
specific bacteriophage immobilised to a solid phase and used it for the 
separation and concentration of Salmonella from food materials. Since the 
bacteriophage appears to be highly species-specific, rarely study has used 
bacteriophage-based method to separate Salmonella from food samples 
because there is an abundance of biodiversity of Salmonella.  
 
Metal hydroxides 
Bacteria were immobilized on to metal hydroxides by covalent bonds 
between hydroxyl groups of metal hydroxide and amino acid ligands on the 
surfaces of bacterial cells (Kennedy et al., 1976). Ibrahim et al. (1985a) 
immobilized two strains of Salmonella spp. on titanic hydroxide and 
zirconium hydroxide, obtaining a high percentage of immobilization. Berry 
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and Siragusa (1997) has used hydroxyapatite (HA) to concentrate S. 
Typhimurium from pure culture and reached 87.5% capture. In addition to 
pure culture studies, the immobilization of bacteria with metal hydroxides has 
been shown to improve the recovery of bacteria from food samples. Several 
strains of Salmonella spp. were successfully immobilized by titanous 
hydroxide in dairy, poultry and egg products (Ibrahim et al., 1985b). Lucore et 
al. (2000) used zirconium hydroxide to separate and concentrate S. Enteritidis 
from nonfat dry milk, reaching a high recovery. However, using metal 
hydroxides is not specific and also, it requires two-step of centrifugation to 
remove debris and collect the bacteria-metal hydroxides. Therefore, it is 
laborious and was less applied in recent studies (Stevens and Jaykus, 2004). 
 
Immunomagnetic separation (IMS) 
IMS is an antibody-based method for the separation and concentration of 
target bacteria. Antibodies that are specific to particular target bacteria are 
coated onto the surface of immunomagnetic beads to capture target pathogens 
by antibody-antigen immune response. The captured beads-bacteria complexes 
are then separated from the food debris, background organisms and other 
potential inhibitors, in a simple magnetic field (Benoit and Donahue, 2003; 
Ma et al., 2014). Ma et al. (2014) has reported using IMS to separate 
Salmonella from fresh pork samples, reaching the capture efficiency (CE) of 
96%. Jenikova et al. (2000) applied IMS to separate Salmonella from egg 
products, cheese and minced meat, with the CE varying from 40% to 86%. 
IMS has been used widely as sample pre-treatment in Salmonella detection. It 
has been coupled with bacteriophage, time-resolved fluorescence PCR, 
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enzyme-linked immunosorbent assay (ELISA), and real-time PCR for the 
detection of Salmonella in milk, cheese, ice cream, chicken, egg, beef, pork, 
tomatoes (Favrin et al., 2003; Hagren et al., 2008; Mansfield and Forsythe, 
2001; Tatavarthy et al., 2008; Wang et al., 2007).  
Several limitations in using IMS in food detection have also been 
pointed out in previous studies. Because of the large surface area, the 
microspheres had a high efficiency for the capture of the microorganisms and 
other objects (Ma et al., 2014).  Jenikova et al. (2000) demonstrated that the 
high fat content may cause a loss in number of magnetic beads by being stuck 
to the beads. High levels of competitive microbiota may also lead to cross-
reaction to the beads (Lofstrom et al., 2011).  
 
2.3.3 Downstream detection methods 
In recent years, numerous studies have focused on the development of 
rapid, effective and convenient Salmonella detection methods. These detection 
methods enable fast release of food products to markets, reduce the storage 
space and cost, as well as ensure food quality and safety (Lee et al., 2015; 
Mandal et al., 2011). These newly developed detection methods are receiving 
more and more attention not only because they have improved sensitivity and 
specificity which are comparable to conventional methods, but also because 
they can provide valuable information from the analysis (Park et al., 2014). 
The enhanced sensitivity enables the accurate detection of lower levels of 
bacteria while the increased specificity allows for the differentiation of target 
bacteria from other background microbiota (Park et al., 2014). The rapid 




Enzyme-linked immunosorbent assay (ELISA) 
ELISA is the most prevalent antibody-based assays for Salmonella 
detection in foods. ELISA depends on the mono- or polyclonal antibodies that 
are bound to the solid surface to recognise the antigens on target pathogens 
(Maciorowski et al., 2006). The monoclonal antibodies for Salmonella main 
surface antigen, such as lipopolysaccharide and flagellin, have been widely 
used in ELISA (Wang et al., 2015).  
Compared with standard culture methods, using ELISA as detection tool 
can be much faster (Lee et al., 2015). Besides, it is characterised as enhanced 
sensitivity. Kumar et al. (2007) showed that ELISA has great concordance 
with standard culture methods to detect Salmonella in naturally contaminated 
seafood. This study is consistent with Croci et al. (2004), who also suggested a 
comparable sensitivity as ISO method. Other studies even suggested a higher 
sensitivity than culture methods in detecting Salmonella in foods with high 
levels of background microbiota, such as raw broccoli sprouts (Hyeon et al., 
2009). The detection limit of ELISA is suggested as 10
4
 – 105 CFU/ml in most 
of the studies (Kumar et al., 2008; Wang et al., 2015). In addition, the existing 
of automated ELISA allows for reducing of manual labour (Hyeon et al., 2009; 
Uyttendaele et al., 2003).  
However, false negative results were still reported using ELISA (Park et 
al., 2014; Uyttendaele et al., 2003). When compared with PCR-based 
detection, ELISA still showed to be less sensitive (Kumar et al., 2007; 
Uyttendaele et al., 2003). Cross-reactivity with antigens of closely related 
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bacteria is another problem identified in ELISA with regard to specificity 
(Park et al., 2014; Wang et al., 2015). 
 
Molecular-based methods 
Polymerase chain reaction (PCR) 
PCR is a technology used to amplify a species-specific gene of target 
bacteria, generating thousands to millions of copies of a particular DNA 
sequence. Target genes for the detection of Salmonella spp. using PCR are 
well documented by Maciorowski et al. (2005).  
PCR has been applied for the detection of Salmonella in various food 
samples, including poultry and poultry-related products (Fratamico, 2003; 
Khan et al., 2014; Matias et al., 2010; Soria et al., 2012), ground beef (Aabo et 
al., 1995; Fratamico, 2003), seafood (Bej et al., 1994; Kumar et al., 2003; Lin 
and Tsen, 1996), and milk (Kumar et al., 2005; Taban et al., 2009). Although 
enrichment step is still needed to multiply Salmonella cells to the detection 
limit, PCR greatly shortens the detection time (de Almeida et al., 2014; Khan 
et al., 2014; Kumar et al., 2005; Taban et al., 2009). PCR has shown similar or 
even higher sensitivity than culture methods. Kumar et al. (2003) showed 
comparable sensitivity of PCR and culture methods in detecting Salmonella 
while Aabo et al. (1995) reported 92% of sensitivity using PCR, which is 
higher than the culture method that had only 50% sensitivity. Higher 
sensitivity of PCR compared with standard culture methods was also observed 
in a later experiment conducted by Fratamico (2003). Multiplex PCR (mPCR) 
that allows the simultaneous detection of different foodborne pathogens has 
been also developed along with the single PCR. Jeong et al. (2013) used 
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mPCR to detect Staphylococcus aureus, Vibrio parahaemolyticus, and 
Salmonella in milk and Kimbap. Balakrishna et al. (2008) detected Yersinia 
enerocolitica, S. aureus, and Salmonella simultaneously in both milk and 
chicken. Besides, the simultaneous detection of E. coli O157, L. 
monocytogenes, Campylobacter, and Salmonella was also reported in poultry, 
beef, vegetable and fruits (Vollenhofer-Schrumph et al., 2005; Wang and 
Slavik, 2005). 
Still, PCR method has some limitations. The presence of PCR inhibitors 
in foods is one of the major problems. Ganz and Gill (2013) reported the 
components of walnut inhibited the generation of PCR products. Besides, it is 
very difficult to differentiate live ones from dead cells, because DNA from 
dead cells can also be amplified during PCR (Lee et al., 2015; Park et al., 
2014). Moreover, PCR is still laborious since it requires electrophoresis as a 
post-PCR process to identify the target DNA band (Malorny et al., 2009; Park 
et al., 2014).  
 
Real-time PCR 
Real-time PCR is a fluorescence technology that allows the detection of 
target bacteria as the reaction progresses in “real-time”, compared with the 
traditional PCR where the product of the reaction is detected at the end using 
gel electrophoresis (Park et al., 2014). Besides, the collected fluorescent signal 
enables the quantification of the target DNA or bacterial cells (De Medici et 
al., 2003). Two common dyes for the detection of bacteria in real-time PCR 
include non-specific binding dyes that intercalate with any double-stranded 
DNA (ds-DNA), and sequence-specific DNA hybridization probes that use 
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fluorescence resonance energy transfer (FRET). The most commonly used 
intercalating ds-DNA is SYBR Green while the most commonly used FRET 
probes are TaqMan probes (De Medici et al., 2003; Malorny et al., 2009).  
SYBR Green-based real-time PCR has been applied to detect Salmonella 
in milk, ground beef, chicken, egg, milk, spinach, apple cider, green pepper, 
tomato, and alfalfa sprouts (Mercanoglu and Griffiths, 2005; Nam et al., 2005; 
Riyaz-Ul-Hassan et al., 2013; Singah et al., 2012; Singh and Mustapha, 2014) 
with high sensitivity and specificity. However, since SYBR Green binds non-
specifically to any ds-DNA and is able to detect all types of ds-DNA, the use 
of a melting curve analysis after amplification is imperative to distinguish the 
target reaction from the non-target reactions (Singh et al., 2012; Singh and 
Mustapha, 2014). The running of the melting curve requires longer detection 
time. To shorten the detection period and to improve specificity, TaqMan-
based real-time PCR is preferable in the detection of foodborne pathogen 
(Espy et al., 2006; Malorny et al., 2009). 
The Taqman-based real-time PCR has been used to detect Salmonella in 
various foods (Table 2-3). Primers that target at invA and ttr are most 
commonly used in Salmonella detection using real-time PCR. The use of an 
internal positive control (IPC) was mandatory in a diagnostic PCR since such 
IPC helps to exclude the false negative reaction caused by PCR inhibitors, or 
problematic PCR components or thermal cycler (Hoorfar et al., 2003; Schoder 
et al., 2003).  
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Table 2-3 Summary of Taqman based real-time PCR for Salmonella detection in different food matrices.  
Samples Target  Sensitivity/Specificity/Accuracy LODS/LODF
1
 References 
Pork, poultry, cheese, lettuce invA 100%/96.2%/98% - / - Rodriguez-Lazaro, et al., 2014 
Egg, milk, mayonnaise - 100%/55.6%/82.2% - / 1 (CFU/25g) Almeida et al., 2013 
Poultry ttr 100%/100%/100% 10
3
 (CFU/ml) / - Delibato et al., 2013 
Mussel invA 91%/100%/97% - / 5 (CFU/25g) Garrido et al., 2013 
Infant powder ttr - 10
3
 (CFU/ml) / 0.1 (CFU/g) Hyeon et al., 2010 
Chicken  invA 100%/100%/100% 10
2
 (CFU/ml) / - Malorny et al., 2007 
Beef, pork and chicken invA 100%/91.3-98.0%/- - / 1 (CFU/25g) Bohaychuk et al., 2006 
Beef, pork, poultry invA 100%/80%/94% - / 10 (CFU/25g) Notzon et al., 2006 
Beef, pork, poultry invA 99.3%/83.7%/98% - / 10 (CFU/25g) Notzon et al., 2006 
Minced meat invA 100%/99.2%/100% - / 1(CFU/25g) Made et al., 2004 
Fish fillets, chicken, milk ttr 100%/100%/100% 10
4
 (CFU/ml) / - Malorny et al., 2004 
1
LODS: The lowest cell concentration in food suspension that can be detected. LODF: The lowest cell concentration in food matrices that can be 
detected after enrichment.
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This new technique allows for faster detection compared with culture 
methods. Detections within 24 h or 2 working days have been reported in  
previous studies (Almeida et al., 2013; Delibato et al., 2013; Delibato et al., 
2014; Notzon et al., 2006; Pasquali et al., 2014; Rodriguez-Lazaro, et al., 
2014). Besides, as shown in Table 2-3, real-time PCR technique has low limit 
of detection (LOD) in either suspension or food samples, revealing that 
this method is effective in detecting low concentrations of cells. In addition, 
high sensitivity, specificity, and accuracy are also obtained by this method 
(Table 2-3). It was even reported that real-time PCR detected more positive 
samples than culture methods, indicating by its lower specificity (Mainar-
Jaime et al., 2013).  
However, the enhanced sensitivity makes this tool even more susceptible 
to inhibitors (Park et al., 2014). Real-time PCR was partially or fully inhibited 
by black tea, cocoa (Margot et al., 2013), and fat (Cossu and Levin, 2014). 
Besides, real-time PCR also cannot differentiate live cells from dead cells as 
described in the traditional PCR. To overcome this drawback, the addition of 
DNA binding molecules to DNA samples before real-time PCR has been 
proposed to specifically detect viable cells (Bae and Wuertz, 2009; Pan and 
Breidt, 2007). This strategy relies on the use of DNA intercalating dyes, such 
as ethidium monoazide (EMA) or propidium monoazide (PMA) to penetrate 
into damaged cell membranes, while the integrity of healthy cells can prevent 
these dyes from entering (Nocker et al., 2006). The binding of these dyes to 
DNA of dead cells prevents its amplification by real-time PCR. An EMA or 
PMA staining step prior to real-time PCR allows for the effective inhibition of 
DNA amplification from dead cells. The use of these nucleic acid intercalating 
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dyes have been successfully used to detect live Salmonella cells in vegetables, 
tomato (Elizaquivel et al., 2012; Yang et al., 2013), chicken, eggs (Wang and 
Mustapha, 2010; Yang et al., 2012), ground beef (Yang et al., 2013), and ham 




CHAPTER 3  Comparison of enrichment broths for the 
recovery of healthy and heat-injured Salmonella Typhimurium 
on raw duck wings  
3.1 Introduction 
Salmonellosis is a severe problem in Singapore with 1,480 notified cases 
reported in 2010 and is a major public health threat with increasing cases 
reported from 2007-2010 (MOH, 2011). S. Enteritidis and Typhimurium are 
the two commonly reported serotypes that account for approximately 21% of 
the reported infections in Singapore, mostly associated with poultry products 
(MOH, 2010; MOH, 2011). Duck meat, a widely consumed poultry product in 
Asian countries including Singapore, has been closely associated with 
foodborne outbreaks caused by S. Typhimurium (USDA, 2011a).  
In order to ensure the safety of raw duck meat, an accurate and effective 
pathogen detection method is essential. In either standard culture method or 
rapid detection method, one of the biggest challenges is the selection of an 
appropriate medium in the enrichment step to avoid false negative or positive 
results, thus providing more accurate detection (Taskila et al., 2012). This is 
especially important for raw meat products which have a high microbial load. 
The recovery of Salmonella spp. in the raw foods may be inhibited by the 
higher level of background microorganisms due to nutrient competition 
(Gehring et al., 2012; Ibrahim and Fleet, 1985). Moreover, Salmonella on the 
poultry products may be sub-lethally heat injured during plucking. Raw duck 
is placed in a water bath between 71 and 77°C for one or two minutes to soften 
the feathers (Andrea, 2015), potentially injuring pathogens which may not be 
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detected with a standard protocol, but given a proper environment, can revive 
and cause infection (Baylis et al., 2000a). 
There have been some studies examining the enrichment efficiency of 
Salmonella spp. on poultry products. Baylis et al. (2000b) reported that two 
commercially available buffered peptone water (BPW) had different abilities 
to resuscitate low numbers of sub-lethally injured Salmonella on cooked 
turkey. TSB with 2.0% NaCl was also reported to recover higher numbers of S. 
Enteritidis cells inoculated on ground chicken than TSB with other 
concentrations of NaCl (Chambliss et al., 2006). Moreover, many media 
suppliers have developed Salmonella detection kits utilizing proprietary, one-
step enrichment broths. For example, DuPont

 developed DuPont™ Lateral 
Flow System, using primary and secondary Salmonella AD media and Oxoid 
Ltd. also developed a rapid method kit using ONE broth-Salmonella for 
enrichment. These studies and products indicate that an enrichment medium 
for recovering low concentration and injured target cells is crucial for ensuring 
an effective detection protocol. However, no study has been reported on the 
efficacy of enrichment broths to recover Salmonella on raw duck wings, a 
model system for duck meat. Hence, this study compared various 
commercially available enrichment broths to find a better broth for the 
recovery of healthy and heat-injured S. Typhimurium at low concentrations on 
raw duck wings. 
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3.2 Materials and methods 
3.2.1 Bacterial cultures 
Salmonella enterica serotype Typhimurium ATCC 14028 was purchased 
from American Type Culture Collection (ATCC; Manassas, Virginia, US) and 
cultured in 10 ml of tryptic soy broth (TSB; Oxoid, Basingstoke, Hampshire, 
UK) for 24 h at 37°C.  S. Typhimurium was adapted to 200 mg/L nalidixic 
acid (Sigma-Aldrich, St. Louis, Missouri, US) and 40 mg/L novobiocin 
(Sigma-Aldrich) in TSB by stepwise incremental addition of nalidixic acid and 
novobiocin after each transfer of the respective culture in order to better 
isolate inoculated Salmonella cells from other background bacterial 
contaminants. Prior to inoculation, antibiotic adapted cells were incubated in 
10 ml of TSB supplemented with 200 mg/L nalidixic acid and 40 mg/L 
novobiocin at 37°C for 24 h with two consecutive transfers. 
 
3.2.2. Inoculation on raw duck wings 
Fresh raw duck wings (11.5% protein, 39.3% total fat, and 48.5% water) 
were purchased from a local supermarket in Singapore. For each trial, the duck 
wings were cut and weighed to 25 g in the biosafety cabinet using a sterile 
knife. Before inoculation, 1.0 ml of fully cultured antibiotic-adapted S. 
Typhimurium was centrifuged at 3,500 x g for 10 min at 4°C. Two cycles of 
washing were carried out using 1.0 ml of 0.1% peptone water (PW, Oxoid) 
and finally the culture was re-suspended in 1.0 ml of 0.1% PW. A 100 μl 
aliquot of bacterial suspension was inoculated on the surface of 25 g of duck 
wing at 10 sites with 10 μl per site at the level of 102, 101 or 100 CFU/25g in 
the biosafety cabinet. Inoculated duck wings were placed in sterile stomacher 
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bags and stored at 4°C overnight, which simulates storage condition in a 
supermarket.  
 
3.2.3 Growth kinetics of S. Typhimurium in enrichment broths 
Five non-selective enrichment broths, namely tryptone soy broth (TSB; 
Oxoid), lactose broth (LB; Oxoid), buffered peptone water (BPW; Oxoid), 
nutrient broth no. 2 (NB; Oxoid) and universal pre-enrichment broth (UPB; 
Sigma-Aldrich), and four selective enrichment broths, namely ONE broth-
Salmonella (OB; Oxoid), selenite broth (SB; BD, Diagnostic system, Franklin 
Lakes, New Jersey, US), Salmonella AD media (AD; DuPont
®
, Wilmington, 
Delaware, US), and BAX
®
 System MP media (MP; DuPont
®
), were evaluated 
in this study. Compositions and concentrations of each enrichment broth are 
listed in Table 3-1. All of the enrichment broths were prepared according to 
manufacturers’ instructions. Each enrichment broth (225 ml) was poured into 
a stomacher bag containing inoculated duck wings, followed by stomaching at 
1,500 rpm for 2 min using a paddle blender (Silver Masticator, IUL 
Instruments GmbH, Königswinter, Germany) and incubating for 24 h at 42°C 
for MP, AD and OB or 37°C for the other enrichment broths. Cell growth was 
monitored by sampling at hourly intervals for 24 h. The number of viable cells, 
expressed as log CFU/ml, was plotted against time and growth curves were 
generated by fitting the data to the equation of Baranyi and Roberts (Baranyi 
and Roberts, 1994) using DMFit (www.ifr.ac.uk/safety/DMFit). Four growth 
parameters namely, lag phase duration (LPD), which described the duration 
that bacteria react to a new environment; maximum growth rate (MGR), which 
is an intrinsic parameter in a constant environment and describes the different 
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multiplication rate; doubling time (DT), which is proportionally inverse to 
MGR and has similar biological explanation; maximum population density 
(MPD), which indicates the highest level bacteria can reach under certain 
environment, were obtained from the modelled growth curves. 
 
3.2.4 Recovery of heat-injured and healthy cells at low inoculum levels 
To prepare heat-injured cells, 2 ml of stationary-phase culture (ca. 10
8
 
CFU/ml) adapted to 200 mg/L nalidixic acid and 40 mg/L novobiocin was 
transferred into an aluminium container with a 3.0 cm diameter and 1.2 cm 
height and was heated in a water bath at 60°C for 1.5 and 2 min to achieve the 
final percentages of injury of 50 and 85%, respectively. The sublethal injury of 
S. Typhimurium was determined by comparing the counts grown on tryptone 
soy agar (TSA; Oxoid) as the non-selective agar and brilliant green agar plates 
(BGA; Oxoid) as the selective agar. To calculate percent injured cells, the 










The inoculation and the enrichment were performed as described above. 
The recovery of healthy and heat-injured cells inoculated on raw duck wings 




 CFU/25g were monitored at 5, 8, 12, 14 



















 Oxoid Peptone (10 g), sodium chloride 
(5 g), disodium phosphate (3.5 g), 
monopotassium phosphate (1.5 g) 
7.2 ± 0.2 
NB Oxoid ‘Lab-Lemco’ powder4 (10 g), 
peptone (10 g), sodium chloride 
(5 g) 
7.5 ± 0.2 
SB BD Pancreatic digest of casein (5 g), 
lactose (4 g), sodium selenite (4 
g), sodium phosphate (10 g) 
7.0 ± 0.2 
TSB Oxoid Tryptone (5 g), peptone (3 g), 
sodium chloride (5 g), 
dipotassium phosphate (2.5 g), 
glucose (2.5 g) 
7.3 ± 0.2 
UPB Sigma-
Aldrich 
Casein enzyme hydrolysate (5 g), 
proteose peptone (5 g), 
monopotassium phosphate (15 g), 
disodium phosphate (7 g), sodium 
chloride (5 g), dextrose (0.5 g), 
magnesium sulphate (0.25 g), 
ferric ammonium citrate (0.1 g), 
sodium pyruvate (0.25 g) 
6.3 ± 0.2 
LB Oxoid Peptone (5 g), lactose (5 g), ‘Lab-
Lemco’ powder 4 (3 g) 
6.9 ± 0.2 
AD DuPont Not stated 7.0 ± 0.1 
MP DuPont Not stated 7.2 ± 0.2 
OB Oxoid Peptone (5 g), yeast extract (5 g), 
salt buffer mix (10 g), growth 
promoter mix (5 g), supplement 
novobiocin (12 mg) 
7.0 ± 0.2 
1The concentration and preparation followed the manufacturer’s instructions. 
Except SB, all the other broths can be autoclaved. SB was placed on a hot stir 
plate to heat up as per instruction. 
2
At room temperature 
3
Buffered peptone water (BPW), nutrient broth (NB), selenite broth (SB), 
tryptone soy broth (TSB), universal pre-enrichment broth (UPB), Salmonella 
AD media (AD), BAX® System MP media (MP), ONE broth-Salmonella 
(OB). 
4




For enumeration, an aliquot after enrichment was serially diluted using 
0.1% PW and spread-plated on BGA containing 0.8 g/L of sulfadiazine 
(Sigma-Aldrich), 0.2 mg/L nalidixic acid, and 0.04 mg/L novobiocin. The 
plates were incubated at 37°C for 24 - 48 h and colonies were counted using a 
colony counter (Rocker Scientific Co. Ltd., Taipei, Taiwan). The detection 




3.2.6 Data analysis 
 
Mean values were obtained from independent triplicates with duplicate 
samples (n=6). Significant differences were statistically analyzed by analysis 
of variance (ANOVA) test using IBM SPSS Statistical Software (IBM 
Corporation, Armonk, New York, US) for comparisons of more than two 
values. The difference is judged to be statistically significant when P ≤ 0.05. 
 
3.3 Results 
3.3.1 Growth parameters of S. Typhimurium in various enrichment broths 
To compare nine enrichment broths, the growth of S. Typhimurium 
inoculated on raw duck wings was monitored and the growth curves were 
fitted to the Baranyi model (Baranyi and Roberts, 1994) (Figure 3-1). Unlike 
other enrichment broths, cell population in LB dramatically decreased to an 
undetectable level (1 log CFU/ml) after 13 h (data not shown). 
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Figure 3-1 Fitted growth curves of Salmonella Typhimurium inoculated raw 
duck wings in buffered peptone water (BPW), nutrient broth (NB), selenite 
broth (SB), tryptone soy broth (TSB), universal pre-enrichment broth (UPB), 
Salmonella AD media (AD), BAX® System MP media (MP), ONE broth-
Salmonella (OB). 
 
To compare the growth kinetics of S. Typhimurium in enrichment broths, 
LPD, MGR, DT, and MPD were calculated from the growth model (Table 3-
2). Overall, selective enrichment broths exhibited shorter LPD and DT, and 
higher MGR and MPD than non-selective broths. LPD ranged from 2.4 to 3.7 
h, with the longest in SB and shortest in AD. OB exhibited significnaly (P ≤ 
0.05) higher MGR and the shortest DT. The four selective enrichment media 
(OB, MP, SB and AD) allowed S. Typhimurium to attain relatively high MPD, 
whereas lower MPD values were obtained in non-selective broths such as TSB 
and NB. These results showed that AD, MP and OB would be suitable broths 


























duck wings; therefore, these three enrichment broths were selected for further 
recovery study. 
 
Table 3-2 Growth parameters
1
 of S. Typhimurium on raw duck wings in 


























 0.81 ± 0.09
bc
 7.77 ± 0.11
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 0.85 ± 0.06
bc
 6.73 ± 0.43
a
 




 0.87 ± 0.09
cd
 6.26 ± 0.59
a
 




 0.77 ± 0.03
b












 0.87 ± 0.02
bc
 8.38 ± 0.17
cd
 




 0.96 ± 0.03
cd
 7.64 ± 0.09
bc
 




 0.98 ± 0.03
d
 8.10 ± 0.28
bcd
 
SB 1.13 ± 0.09
d 3.74 ± 0.09
d
 0.62 ± 0.04
a




All measurements were done in triplicate with replication (n=6), and all 
values are expressed as mean ± standard deviation. Different letters within the 
same column indicate significant (P ≤ 0.05) differences for the respective 
growth parameters.  
2 
DT, doubling time; LPD, lag-phase duration; MGR, maximum growth rate; 
MPD, maximum population density.  
  
3.3.2 Enrichment of healthy Salmonella cells at low inoculum levels in 
selected broths 
BPW, which is a standard enrichment broth used to detect Salmonella 
spp. in poultry products (ISO, 2002; USDA, 2013) was compared to AD, MP 
and OB to determine the best broth for recovering low numbers of healthy 




Figure 3-2 Recovery of S. Typhimurium in buffere peptone water (BPW), 
Salmonella AD media (AD), BAX® System MP media (MP) and ONE broth-
Salmonella (OB) with low inoculum levels of 10
0
 CFU/25g (a) and 10
1
 
CFU/25g (b) of raw duck wings.  
 
Regardless of inoculums level, the numbers of cells in three selective 
media reached 7.6 – 7.8 log CFU/ml which were approximately 1.0-log unit 
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(b) 
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0.05) difference in recovery among the three selective broths though OB had a 
slightly higher population after 14 and 24 h incubation at both inoculum levels. 
 
3.3.3 Enrichment of heat-injured Salmonella cells at low inoculum levels in 
selected broths 





CFU/25g levels were incubated in AD, MP, OB and BPW to see if these 
enrichment broths could effectively recover the sub-lethally injured bacteria. 
For this study, 50 and 85%-injured cells were prepared by heat treatment at 
60°C to simulate moderately and highly injured cells, respectively. For 50%-
injured cells at 10
0 
CFU/25g level, AD, MP and OB recovered cells with a 
range of 1.4 – 2.3 log CFU/ml, whereas cells were below the detectable level 
(1.0 log CFU/ml) in BPW for the first 8 h (Figure 3-3) and OB was 
significantly higher than the other broths. When inoculated at 10
1
 CFU/25g, 
the population of 50%-injured cells reached 6.0 – 8.0 log CFU/ml after 24 h. 
Unlike 50%-injured cells, 85%-injured cells were only detected in OB, with 




Figure 3-3 Recovery of 50% heat-injured S. Typhimurium in buffered 
peptone water (BPW), Salmonella AD media (AD), BAX® System MP media 
(MP) and ONE broth-Salmonella (OB) with low inoculum levels of 10
0
 
CFU/25g (a) and 10
1















































Figure 3-4 Recovery of 85% heat-injured S. Typhimurium in buffered 
peptone water (BPW), Salmonella AD media (AD), BAX® System MP media 
(MP) and ONE broth-Salmonella (OB) with low inoculum levels of 10
0
 
CFU/25g (a) and 10
1













































Microbial models are described as mathematical expressions relating the 
number of microorganisms in a food system to relevant intrinsic or extrinsic 
variables on a macroscopic scale. Primary growth models can be represented 
in terms of biologically meaningful parameters, such as lag phase period and 
maximum specific growth rate (Marks, 2008). Since Baranyi growth model is 
useful in microbial modeling as it gives the best fit for most data and is 
reasonably accurate in estimating the lag phase duration of microbial growth 
(Baranyi et al., 1993; Marks, 2008), it was used as primary growth model in 
this study.  
The use of antibiotic-adapted strains, together with the antibiotic-added 
agars, has been commonly practised in inoculation studies on raw foods such 
as poultry and produce to differentiate the target pathogen from background 
microbiota (Gurtler and Kornacki, 2009; Hyeon et al., 2012). In this study, 
several antibiotics were evaluated to optimise culture conditions which 
effectively inhibited growth of background microbiota, while still supporting 
Salmonella growth. Addition of 200 mg/L nalidixic acid, 40 mg/L novobiocin 
and 0.8 g/L sulfadiazine to BGA successfully inhibited growth of background 
microbiota in raw duck wings and S. Typhimurium adapted to these antibiotics 
also grew well on the selective agar without any growth inhibition, 
differentiating them from the background microbiota (data not shown).  
Although the USDA and the ISO recommend (ISO, 2002; USDA, 2013) 
a two-step enrichment process including pre-enrichment and selective 
enrichment, newly developed rapid detection methods usually utilize a one-
step enrichment to shorten the whole detection time (Malorny et al., 2007; 
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Wang et al., 2012). Thus, this study focused on the primary enrichment broth 
which is a common step for both the standard culture and the rapid detection 
methods. 
Growth kinetics of S. Typhimurium in enrichment broths was 
compared and the best performance broths (AD, MP and OB) were selected to 
make comparison with the ISO recommended BPW. The results show that OB 
was a more suitable enrichment broth for healthy and injured Salmonella cells 
on raw duck wings. This might be due to OB containing a growth promoter 
which may help the growth of healthy and injured Salmonella cells at low 
inoculum levels. Another commercial enrichment broth containing Salmonella 
growth promotors has been recommended for the recovery of injured 
Salmonella from ice cream and milk powder (Baylis et al., 2000a). Besides, 
the addition of 12 µg/ml novobiocin which may effectively inhibit the growth 
of background microbiota, allowing the growth of S. Typhimurium (Poisson, 
1992; Taskila et al., 2012). The study conducted by Jensen et al. (2003) also 
showed that the addition of novobiocin in BPW could reduce the number of 
Salmonella-competitive microorganisms, such as Proteus. Other studies 
demonstrated that, although novobiocin was not the most efficient supplement 
to recover heat injured cells, a broth containing novobiocin still had higher 
efficiency than BPW (Restaino et al., 2001; Stephens and Joynson, 1998). 
Apart from the growth promoter and antibiotic, the salt mix buffer in OB 
might also help prevent major changes in pH during enrichment. Moreover, 
high incubation temperature of 42°C might enhance the selectivity of this 
broth, suppressing other mesophilic bacteria (Carlson et al., 1967; Kafel and 
Bryan, 1977; Taskila et al., 2012). Conversely, BPW, which is the broth from 
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the standard method, was observed incapable of recovering the 85% heat-
injured cells. It is known that the autoclaving process would potentially cause 
the phosphate buffers to auto-oxidize (Baylis et al., 2000), thus the high level 
of phosphate may lead to the rise of toxic oxygen species, which are known to 
prevent resuscitation of bacterial cells. This may explain why BPW containing 
phosphate buffer could not recover the severely heat-injured cells. However, 
since all these results were gathered using only one strain of S. Typhimurium, 
the only conclusion to be made is that OB is the most suitable for this strain 
only since other strains of Salmonella might have different culture-fitness 
characteristics (Gorski, 2012) and the performance of selective media might 
vary from the other serotypes and their strains (Taskila et al., 2012). 
 
3.5 Conclusion 
In conclusion, the results showed that Salmonella cells had relatively 
high maximum growth rate and low doubling time when they were enriched in 
selective broths such as MP and OB. Among the selective enrichment broths 
tested, OB appeared to be the best broth for recovering both healthy and heat-
injured S. Typhimurium on raw duck wings. Lastly, this study suggests that 
OB may be a suitable alternative enrichment broth for S. Typhimurium 
detection to avoid false negative results, thereby enhancing the safety of raw 






CHAPTER 4  Real-time PCR method combined with 
immunomagnetic separation for detecting healthy and heat-
injured Salmonella Typhimurium on raw duck wings  
 
4.1 Introduction 
To ensure the safety of duck meat consumption, the presence of 
Salmonella in the products must be screened using an accurate and effective 
detection method as described in Chapter 2 and 3. The standard culture 
method (ISO, 2002) currently used for Salmonella detection are laborious and 
time consuming. For these reasons, numerous approaches have been taken to 
shorten the detection time and increase the sensitivity, with the most 
commonly employed molecular based PCR as detection tool (Almeida et al., 
2013; Malorny et al., 2007, Zhou et al., 2013). Real-time PCR has been 
adapted at regulatory agencies for the detection of foodborne pathogens. 
However, the real-time PCR method might have a low detection sensitivity 
due to the loss of target DNA template during sample preparation (Lee et al., 
2009), or the inhibition of PCR reaction which is caused by various 
compounds presented in food samples (Margot et al., 2013). Moreover, the 
detection and isolation of Salmonella cells in food containing high background 
microbiota, such as raw duck meat (Hu et al., 2011), remains challenging 
(Fedio et al., 2011).  
Immunomagnetic separation (IMS) has been evaluated as an effective 
technique for the selective isolation and concentration of target pathogens with 
respect to the reduction of analysis time and sensitivity improvement (Duodu 
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et al., 2009, Fedio et al., 2011, Shields et al., 2012). Even though many studies 
have shown that the real-time PCR method combined with IMS (PCR-IMS) is 
effective in detecting Salmonella spp. in various food samples, no studies have 
been conducted to evaluate the detection method for sub-lethally injured 
Salmonella cells on duck meat. Thus, the objective of the study was to 
optimise the protocol for molecular-based rapid detection of S. Typhimurium 
at low numbers on raw duck wings by PCR-IMS, using OB as enrichment 
broth as recommended in Chapter 3. Firstly, the experimental factors for IMS 
of S. Typhimurium from raw duck wings using commercially available 
microparticles - Dynabeads
®
 were optimised and secondly, the comparison of 
three Taqman primers for S. Typhimurium detection in pure cultures and on 
raw duck wings were performed. Thirdly, the optimised PCR-IMS was further 
evaluated for detecting S. Typhimurium by comparison with the standard ISO 
method (ISO, 2002) and real-time PCR without IMS, which is also referred to 
as PCR-cen since the process is combined with normal centrifugation practice, 
using artificially inoculated raw duck wing samples with healthy and heat-
injured cells at low inoculum levels. Finally, the PCR-IMS method was 
validated with naturally contaminated raw duck wings by comparing with the 
standard ISO method. 
 
4.2 Materials and methods 
4.2.1 Preparation of healthy and heat-injured Salmonella cells  
Nalidixic acid adapted Salmonella cells were prepared as described in 
section 3.2.1. The 50% and 85% heat-injured Salmonella cells were prepared 
in section 3.2.4.  
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4.2.2 Inoculation of Salmonella cells on raw duck wings 
The inoculation of Salmonella cells on raw duck wings was conducted 
as stated in section 3.2.2. 
 
4.2.3 Optimisation of IMS  
A 25 g of inoculated raw duck wings was homogenized in 225 ml of OB 
at 1,500 rpm for 2 min using a paddle blender and incubated at 42°C for 24 h. 
Prior to IMS, 100 μl of the pure culture and 24-h OB-enrichment were spread-
plated on the modified BGA containing 0.8 g/L sulfadiazine, 0.2 mg/L of 
nalidixic acid, and 0.04 mg/L of novobiocin to confirm the concentration of 
Salmonella spp. (10
6
 CFU/ml). Twenty microliters of Dynabeads
®
 anti-
Salmonella (2.5 μm diameter) (Invitrogen™, Life Technologies, Carlsbad, CA, 
US) were incubated with 980 μl of a pure culture suspension or enriched 
sample at room temperature (25°C) using a rotating mixer (BioSan, Riga, 
Latvia) for 10, 30 or 60 min. After the reaction, the bead-bacteria complexes 
were magnetically separated from the suspension using a magnetic particle 
concentrator (Invitrogen
™
) for 3, 10 or 30 min, and then washed twice with 1 
ml of phosphate-buffered saline (PBS, pH 7.4, Sigma-Aldrich) containing 0.05% 
(v/v) Tween 80 (Thermo Scientific, Hampton, NH, US) to remove non-
specifically binding bacteria from the complexes (Tatavarthy et al., 2009), 
followed by re-suspending in 1 ml of PBS. A 100 μl of the resulting bead 
suspension was spread plated on the modified BGA to enumerate Salmonella 
spp. and the capture efficiency (CE) of Dynabeads
®
 was calculated using the 
following equation (Wang et al., 2011): 
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Capture efficiency (%) = Nc/N0  100 
 
where Nc is an average total number of Salmonella cells captured with 
Dynabeads
®
 (CFU/ml) and N0 is an average total number of Salmonella cells 
present in 1 ml of the original suspension (CFU/ml). 
 
4.2.4 Optimisation of real-time PCR 
4.2.4.1 DNA template preparation 
To prepare DNA template for real-time PCR, a 1 ml aliquot of the OB-
enrichment of inoculated raw duck wings or S. Typhimurium pure culture was 
centrifuged at 3,500 g for 10 min at 4°C. The supernatant was carefully 
discarded and the pellet was re-suspended in 200 μl of 10 PBS. The 
suspension was boiled at 100°C for 5 min and immediately chilled on ice for 3 
min, followed by a centrifugation at 13,300 g for 10 min at 4°C. The 
supernatant was collected and stored at -20°C for further real-time PCR 
analysis. 
 
4.2.4.2 Primer sets and real-time PCR condition 
The Salmonella-specific primers tested in this study are presented in Table 4-1. 
All the primers were synthesized by Integrated DNA Technology (IDT, 
Coralville, IA, US). The Salmonella spp. target probes were labeled at 5’-end 
with 6-carboxyfluorescein (FAM) dye as the reporter and at 3’-end with BHQ-
2 as the dark quencher. A typical 20 μl PCR mixture contained: 900 nM of 
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each primer, 250 nM of probe, 10 μl of Taqman Universal fast master mix 
(Applied Biosystems
®
, Life Technologies, Carlsbad, CA, US), 2 μl of internal 
positive control (IPC) mix (Applied Biosystems
®), 0.4 μl of IPC DNA 
(Applied Biosystems
®) and 2 μl of the template DNA. Thermocycling was 
performed with StepOne instrument (Applied Biosystems
®
) using the 
following programmed parameters: 95°C for 20 s (primary denaturation step) 
followed by 40 cycles of 95°C for 1 s and final extension at 60°C for 20 s. All 
runs included a sample without target DNA as a negative control. Negative 
values or a lack of amplification were considered for the cycle threshold (Ct) 
values of > 40. 
 
4.2.4.3 Inclusivity and exclusivity of primers 
Target Salmonella strains (n=7) and the non-Salmonella strains (n=18) 
were tested for the inclusivity and exclusivity of primers. All bacterial strains 
were grown at 37°C for 18 to 24 h in TSB and an 2 μl aliquot of DNA was 




Table 4-1 Taqman primers and probe pairs for the detection of Salmonella spp., sequences, expected amplicon sizes and references. 
Target 
genes 
Sequence (5’ → 3’) Amplicon size  
(bp) 
Reference 
Sal Primer Sal-F: GCGACTATCAGGTTACCGTGGA 261 Wang, (2006) 
Primer Sal-R: AGTACGGCCTGCTTTTATCG 
Probe Sal-P: FAM- TAGCCAGCGAGGTGAAAACGACAAAGG-BHQ2 
 
invA Primer invA-F: CAACGTTTCCTGCGGTACTGT 116 González-Escalona et al., 
(2009) Primer invA-R: CCCGAACGTGGCGATAATT 
Probe invA-P: FAM-CTCTTTCGTCTGGCATTATCGATCAGTACCA-BHQ2 
 
ttr Primer ttr-F: CTCACCAGGACATTACAACATGG 94 Malorny et al., (2004) 
Primer ttr-R: AGCTCAGACCAAAAGTGACCATC 
Probe ttr-P: FAM-CACCGACGGCGAGACCGACTTT-BHQ2 
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4.2.4.4 Detection probability and real-time PCR efficiency 
The probability of detecting pathogens in a suspension of a known 
concentration with or without IMS was determined according to Malorny et al. 
(2003). After enrichment in OB as described above (ca. 10
8
 CFU/ml), the 
enrichment was serially diluted 10-fold in 0.1% (w/v) PW to obtain final 




 CFU/ml. Before the 
extraction of DNA, the diluted suspension was spread-plated on the modified 
BGA for enumeration. A 2 μl aliquot of DNA template of each dilution was 
added to separate PCR tube and run with IPC template as described above. 
The detection probability of PCR assays for different primers, with or without 
IMS, was obtained by plotting the relative number of positive PCRs observed 
against the cell concentrations. A sigmoidal curve fitting was performed with 
the ORIGIN program (ver.4.0; Micro Software, Northampton, MA, US).  
For the real-time PCR efficiency, standard curves were constructed by 
plotting Ct values as a function of log CFU/ml of 1:10 serially diluted pure S. 
Typhimurium cultures. The real-time PCR efficiency was calculated by the 
following formula (Gorski et al., 2010): 
 




4.2.5 Standard ISO method and real-time PCR for Salmonella detection 
ISO 6579:2002 (ISO, 2002), the optimised real-time PCR method with 
or without IMS are depicted in Figure 4-1.  
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Figure 4-1 Flow diagrams of standard ISO, real-time PCR combined with 
immunomagnetic separation (IMS) and real-time PCR without IMS (PCR-cen) 
for detecting Salmonella Typhimurium on raw duck wings in this study. 
 
For the ISO method, artificially inoculated raw duck wings (25 g) were 
homogenized with 225 ml of BPW for 2 min using a stomacher and 
subsequently incubated for 20 h at 37 °C. After pre-enrichment, 0.1 and 1 ml 
of enrichment were transferred to 10 ml of Rappaport -Vassialidis soya (RVS) 
broth (Oxoid) and Muller -Kauffmann tetrathionate-novobiocin (MKTTn) 
broth (Oxoid), and incubated for 24 h at 42 and 37°C, respectively. After the 
selective enrichment, a loopful of each enriched sample was streaked on 
differential media: xylose lysine deoxycholate agar (XLD, Oxoid) and 
Hektoen enteric agar (HE, Oxoid). The presumptive Salmonella colonies from 
the selective agar were plated on nutrient agar (Oxoid), followed by the 
biochemical confirmation using API 20E strip kit (BioMérieux
®
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For PCR-IMS and PCR-cen, artificially inoculated raw duck wings were 
incubated in OB at 42°C for 5, 7 or 14 h. Following the incubation period, 980 
µl of enriched samples was incubated with immunomagnetic beads for 30 min 
for PCR-IMS, followed by DNA extraction and real-time PCR, while the other 
1-ml portion of the enriched sample was directly used for the PCR method 
without IMS. Real-time PCR was performed as described above.   
For all three methods, healthy and heat-injured cells of S. Typhimurium 




 CFU/ml were inoculated on raw duck 
wings. Ten samples were analyzed for both healthy and heat-injured cells at 
each concentration. Meanwhile, the same numbers of naturally contaminated 
samples were prepared as controls (ISO, 2002). 
 
4.2.6 Validation 
To validate the optimised PCR-IMS method, a total of 60 naturally 
contaminated raw duck wing samples were purchased from the local markets 
in Singapore and detection was performed as described above. PCR-cen 
method was also applied to compare with PCR-IMS. Sensitivity, specificity, 
accuracy and Kappa index of both methods were calculated by comparing 
with the standard ISO method (ISO, 2003). 
 
4.2.7 Statistical analysis 
All mean values were obtained from independent triplicates with 
duplicate samples (n=6). Significant differences of more than two values were 
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statistically analyzed as mentioned in section 3.2.6. and analysis of variance 
(unpaired t-test) using unpaired GraphPad software (GraphPad Software Inc., 
San Diego, CA, USA) when comparing between two values. The difference 
was judged to be statistically significant when P ≤ 0.05. Fisher’s exact 
probability tests (GraphPad Software Inc.) for 2 2 contingency tables were 
applied to compare PCR-IMS with PCR-cen methods at P = 0.05. 
 
4.3 Results 
4.3.1 Optimisation of IMS 
The results of CE of Dynabeads
®
 for S. Typhimurium at 10
6
 CFU/ml in 
both pure culture and inoculated raw duck wings are shown in Table 4-2. 
There was no significant (P > 0.05) difference among CEs for different 
separation times (3, 10 and 30 min) and 3 min seemed to be adequate to fully 
separate the beads-bacteria complexes from the broth. For the reaction time, 
significantly (P ≤ 0.05) higher CEs were obtained when reaction time was 30 
min, however, further extension of reaction time did not show a positive 
influence on the proportion of separated cells from pure culture and raw duck 
wings. Additionally, the CEs for S. Typhimurium cells in pure culture (about 
85%) were significantly higher (P ≤ 0.05) than in inoculated raw duck wings 
(about 64%) under the same condition. Therefore, to reduce the total time of 
IMS procedure, 30 min for reaction and 3 min for separation were applied for 




Table 4-2 Comparison of capture efficiencies
1 
(CE, %) of immunomagnetic 
separation on Salmonella Typhimurium (ca. 10
6
 CFU/ml) from pure culture 
and artificially inoculated raw duck wings for different reaction and separation 
times. 
Matrix 
                                 CE (%)  
Separation 
time 
Reaction time  
10 min 30 min 60 min 
Pure 
culture 
3 min 39.3 ± 2.27
a,x
 85.0 ± 2.55
b,x
 86.0 ± 1.19
b,x
 
10 min 39.5 ± 1.88
a,x
 84.0 ± 2.37
b,x
 88.6 ± 2.44
b,x
 
30 min 38.7 ± 1.90
a,x
 85.4 ± 1.79
b,x





3 min 11.7 ± 0.51
a,y
 64.5 ± 3.11
b,y
 65.2 ± 2.60
b,y
 
10 min 11.7 ± 0.49
a,y
 63.1 ± 4.10
b,y
 65.1 ± 3.91
b,y
 
30 min 12.2 ± 1.49
a,y
 64.8 ± 2.52
b,y




All values are expressed as mean CE ± standard deviation (n=6). Different 
letters (a, b) and (x, y) within the same row and column indicated significant 
(P ≤ 0.05) differences, respectively.  
 
4.3.2 Optimisation of real-time PCR 
In order to optimise the real-time PCR method for detecting S. 
Typhimurium on raw duck wings, three primers that are usually used for 
Salmonella detection, namely Sal, invA, and ttr, were selected and compared 
for their inclusivity, exclusivity, PCR efficiency, limit of detection, and the 
detection probability with and without IMS application in raw duck wings. 
 
4.3.2.1 Inclusivity and exclusivity 
The results of inclusivity and exclusivity tests of three primer sets (Sal, 
invA, and ttr,) with 7 target Salmonella strains and 18 non-Salmonella strains 
are shown in Table 4-3. All primer sets gave positive responses to 7 
Salmonella strains, while non-Salmonella bacterial strains did not produce 
detectable amplicon in real-time PCR assays, showing a 100% inclusivity and 
100% exclusivity. 
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Table 4-3 Exclusivity and inclusivity of real-time PCR tests using invA, ttr 





















Escherichia coli O157:H7 EDL933 - - - + 
E. coli O127:H6 E2348/69 - - - + 
E. coli BL21/pFPV - - - + 
E. coli ATCC 25922 - - - + 
E. coli serotype O55 ATCC 12014 - - - + 
Shigella sonnei ATCC 29031 - - - + 
S. boydii ATCC 9207 - - - + 
S. flexneri ATCC 12022 - - - + 
Listeria monocytogenes 1/2a BAA-679 - - - + 
L. monocytogenes 1/2b BAA-839 - - - + 
L. monocytogenes 4b ATCC 13932 - - - + 
L. monocytogenes serotype 1 ATCC 
19111 
- - - + 
L. innocua ATCC 33090 - - - + 
Staphylococcus aureus ATCC 6538 - - - + 
Vibrio parahaemolytics ATCC 17802 - - - + 
V. vulnificus ATCC 27562 - - - + 
Klebsiella pneumoniae ATCC 10031 - - - + 













Salmonella Montevideo BAA-710 + + + + 
S. Saintpaul ATCC 9712 + + + + 
S. Gaminara BAA-711 + + + + 
S. Newport ATCC 6962 + + + + 
S. Tennessee ATCC 10722 + + + + 
S. Heidelberg ATCC 8326 + + + + 
S. Enteritidis ATCC 13076 + + + + 
1
All strains were obtained from ATCC except for E, coli O157:H7 EDL933 
and E. coli BL21/pFPV, and E. coli O127:H6 E2348/69 that were obtained 
from Dr. Henry Mok and Dr. Thomas Walczyk at the National University of 
Singapore, respectively.   
 
4.3.2.2 Real-time PCR efficiency 
The real-time PCR efficiencies were calculated based on standard curves 
of 10-fold serially diluted pure cultures of S. Typhimurium (Table 4-4). A 
strong linear relationship (R
2











CFU/ml for ttr, which is required for reliable quantitative detection of 
Salmonella cells in food samples. The highest real-time PCR efficiency was 
obtained for Sal, which was 94.1%, followed by ttr (86.3%) and invA (84.3%) 
primers, which corresponded to the slopes of -3.47, -3.84 and -3.77, 
respectively. The calculated standard deviation values (sr) (Malorny et al., 
2004) expressed in percentage, which describe assay precision, were in range 
of 0.8 - 4.9%, 1.2 - 4.2% and 0.6 - 3.7% of measured mean Ct values, for Sal, 
invA and ttr primers, respectively, indicating a high precision of the assay. 
 
Table 4-4 Comparison of Sal, invA and ttr primers on 10-fold serially diluted 
Salmonella Typhimurium from pure culture using real-time PCR. 
Salmonella culture 
(CFU/ml) 
Mean Ct values ± standard deviation sr
 1
 
Sal invA ttr 
10
8
 16.7 ± 0.83 17.0 ± 0.38 19.1 ± 0.60 
10
7
 21.5 ± 0.58 21.0 ± 0.64 23.4 ± 0.34 
10
6
 24.2 ± 0.43 25.0 ± 0.31 27.1 ± 0.18 
10
5
 28.1 ± 0.64 28.9 ± 0.64 31.2 ± 0.70 
10
4
 31.1 ± 0.25 32.6 ± 0.56 34.5 ± 0.62 
10
3





 34.4 ± 0.09
2







y = -3.47x + 41.6 y = -3.77x +43.6 y = -3.84x + 46.2 
R
2
 0.9953 0.9978 0.9984 
PCR efficiency (%) 94.12 84.26 86.29 
1
Results expressed as mean Ct and repeatability standard deviation sr (n=6).
 
2
Two out of six PCR reactions were negative (Ct>40). These were not 
included in the calculation.  
3




4.3.2.3 Detection probability with and without IMS 
Subsequently, the probability of detecting S. Typhimurium in raw duck 





 CFU/ml) with IMS and without IMS (PCR-cen) (Figure 4-2). 
With centrifugation, the detection probability of S. Typhimurium was 100% in 
the reactions containing 10
4
 CFU/ml using Sal and invA and at the level of 10
5
 
CFU/ml with ttr (Figure 4-2a).  
The levels of detection at 100% probability were determined to be 10
3
 
CFU/ml for Sal and invA, and 10
4
 CFU/ml for ttr when IMS was applied 
(Figure 4-2b). The reactions containing 10
2
 CFU/ml cells resulted in a 
detection probability of 33.3% in Sal and invA without IMS, while more than 
2-fold increases in detection probabilities were observed in both Sal (83.3%) 
and invA (66.7%) when cells were captured by Dynabeads
®
. Therefore, these 
results indicate that the IMS step could improve the detection probability in 






4.3.2.4 Limit of detection (LOD) 
In the standard curves constructed from pure Salmonella cultures, the 
slopes of the standard curves for Sal and invA were linear down to 10
3
 CFU/ml, 
with 60% (<95%) probability at 10
2
 CFU/ml, indicating that the LOD was 10
3
 
CFU/ml in pure Salmonella culture (Table 4-4). Higher LOD (10
4
 CFU/ml) 
was observed for ttr primer (Table 4-4). The LOD on raw duck wing samples 
using real-time PCR was 10
4
 CFU/ml for Sal and invA and at the level of 10
5
 
CFU/ml with ttr (Figure 4-2a), showing that the LOD of Sal and invA primers 
was l log lower than that of the ttr primer. When real-time PCR method was 
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combined with IMS, the LODs were decreased to 10
3
 CFU/ml for Sal and 
invA, and 10
4
 CFU/ml for ttr (Figure 4-2b). 
 
 
Figure 4-2 Detection probability of Salmonella Typhimurium on raw duck 
wings using Sal, invA and ttr primers by real-time PCR without 
immunomagnetic separation (IMS) (PCR-cen) (a) and with IMS (b). 
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4.3.3 Comparison of the optimised real-time PCR with IMS and 
conventional real-time PCR 
The optimised PCR-IMS was compared with PCR-cen in detecting 
inoculated raw duck wings with Salmonella cells after enrichment in OB for 5, 
7 or 14 h. Raw duck wings were inoculated with S. Typhimurium with healthy 




 CFU/ 25g). 
Regardless of the physical state of cell and inoculum levels, the sensitivity of 
real-time PCR for the detection of S. Typhimurium cells increased with IMS 
and the extended enrichment time (Table 4-5). In total, after 5 h of OB-
enrichment, S. Typhimurium detection with PCR-IMS (15/60) was 
significantly (P = 0.0011) improved compared to PCR (2/60). The same trend 
was observed after 7-h of enrichment, where significant difference (P = 
0.0431) between the results of PCR-IMS and PCR method were noticed. 
When healthy cells were inoculated, after 7-h enrichment, 100% sensitivity of 
real-time PCR was achieved when IMS was applied. For 50% heat-injured 
cells, significant (P ≤ 0.05) differences were observed between different 
enrichment times, whereas there was no significant (P > 0.05) difference 
between two methods with the same enrichment time. Both healthy and heat-
injured cells at low inoculum levels were fully detected by PCR-IMS and PCR 
methods with a 14-h enrichment. 
 
4.3.4 Validation 
To validate the optimised PCR-IMS method in this study, a total of 60 
naturally contaminated raw duck wing samples were analyzed by the ISO 
method (ISO, 2002), PCR and PCR-IMS for the detection of Salmonella after 
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12, 14 and 24 h enrichment (Table 4-6). A total of 3 positive samples were 
identified by the standard ISO method. For the real-time PCR methods, after 
12-h enrichment, 3 and 5 positive were detected by PCR and PCR-IMS, 
respectively. After 14-h enrichment, comparable results for both methods were 
obtained and 6 positive results were observed showing 100% accuracy, 
however, after 24-h enrichment, 1 false-positive result was obtained by both 




of real-time PCR combined with immunomagentic 
separation (PCR-IMS) and real-time PCR (PCR) methods on the detection of 





 CFU/25g) after 5, 7 and 14 h enrichment in One 
Broth at 42 °C. All inoculated duck wing samples were confirmed as 
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Different letters (a-d) within the same row indicated significant (P ≤ 0.05) 
differences, 
2
ND: not detectable. 
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Table 4-6 Validation of real-time PCR combined with immunomagnetic separation (PCR-IMS) and real-time PCR (PCR) for the detection of 
























60 6 54 0 3 50.0 100 95.0 0.67 
PCR-IMS 60 6 54 0 1 83.3 100 98.3 0.90 
PCR 
14h 
60 6 54 0 0 100 100 100 1.00 
PCR-IMS 60 6 54 0 0 100 100 100 1.00 
PCR 
24h 
60 6 54 1 0 100 98.1 98.3 0.91 
PCR-IMS 60 6 54 1 0 100 98.1 98.3 0.91 
1
Kappa values of <0.01 indicate no concordance, those between 0.1 and 0.4 indicate weak concordance, those between 0.41 and 0.60 indicate 




In Chapter 3, OB showed a better ability to recover both healthy and 
heat-injured S. Typhimurium than other commercial enrichment broths. Based 
on these results, OB was selected in this study as preenrichment broth for the 
optimised PCR-IMS and PCR methods. Although duck meat is widely 
consumed in Asian countries, no study has been conducted to optimise the 
PCR-IMS system in detecting Salmonella cells on duck meat samples. Thus, 
in this chapter, different reaction and separation times for IMS were evaluated 
and three major primer sets commonly used for detecting Salmonella cells 
were assessed for optimising real-time PCR protocol. Finally, the optimised 
PCR-IMS was compared with PCR and ISO methods for detection of healthy 
and heat-injured S. Typhimurium on raw duck wings.  
In this study, 30 min for reaction and 3 min for separation times were 
sufficient to capture Salmonella cells from both the pure culture and the raw 
duck wings with the IMS process. Prolonged times did not improve the CE of 
immunomagetic beads. Similarly, Steingroewer et al. (2001) and Tatavarthy et 
al. (2009) reported that 30 min reaction and 3 min separation times were the 
most effective in separation of Salmonella cells from pure suspensions (CE 
~80%). Higher CEs were also reported for pure S. Typhimurium cultures by 
magnetic nano-beads (Wang et al., 2011) after 30 min reaction time. The 
current study also showed that the CE for S. Typhimurium cells from the broth 
with raw duck wings was around 20% lower than that from the pure culture. 
This is consistent with the findings of Fu et al. (2005) who showed over 40% 
differences in CE values observed for E. coli O157:H7 detection with IMS 




 CFU/ml. It was suggested that fat particulates or proteins might 
interfere with the antibody or the bacterial surface, causing the blockage and 
the formation of bead-bacteria complexes (Fu et al., 2005). Another possibility 
is that high background microbiota might decrease the efficiency of IMS by 
cross-reactivity and nonspecific binding (Duodu et al., 2009, Fu et al., 2005, 
Tatavarthy et al., 2009).  
Except for the sample preparation, the optimisation of the downstream 
detection method is critical to conduct an accurate and rapid detection. It was 
reported that different primers used for specific target gene amplification 
might contribute in PCR detection sensitivity (Duodu et al., 2009). For this 
reason, three major primers (Sal, invA and ttr) were compared by evaluating 
several parameters including inclusivity, exclusivity, PCR efficiency, 
detection probability, and the LOD to find an ideal primer for the rapid 
detection of Salmonella cells on raw duck wings using real-time PCR 
detection system. The inclusivity of PCR assay is an ability to detect the target 
bacteria from a wider group of bacterial strains within the same species, while 
exclusivity is defined as a lack of interference with non-target bacteria 
(Malorny et al., 2003). In this study, 100% inclusivity and exclusivity was 
achieved, which were in agreement with previous studies for Sal (Wang, 
2006), invA (González-Escalona et al., 2009; Mercanoglu and Griffiths, 2005; 
Malorny et al., 2007; Zhang et al., 2011) and ttr (Malorny et al., 2004). Unlike 
Sal and ttr primers, the invA gene shares high homology with Shigella spp. 
and Citrobacter spp. (Hu et al., 2011), which are common contaminants of 
raw duck meat and it has been reported that the presence of Citrobacter spp. in 
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the sample could give false positive results in Salmonella spp. detection using 
real-time PCR systems (Margot et al., 2013).  
The PCR efficiency under the optimum condition should be 90-100%, 
which corresponds to a slope of -3.3 to -3.6 in the Ct vs log CFU/ml standard 
curve (Duodu et al., 2009) and in this study, it was achieved only for the Sal 
primer. Based on these observations, the Sal primer was chosen and used for 
further study. The LOD of the Sal primer in raw duck wing samples was 10
3
 
CFU/ml, which was higher than the LOD of 10
2
 CFU/ml achieved by Malorny 
et al. (2004) for Salmonella detection in the presence of different 




 CFU/ml) as 
previously reported by Kawasaki et al. (2010) for pure Salmonella culture. A 
comparable LOD (10
3
 CFU/ml) was obtained for Salmonella (Hyeon et al., 
2010) and Cronobacter (Hyeon et al., 2010; Wang et al., 2012) in the 
artificially inoculated infant powder, whereas a higher LOD of ≥105 CFU/ml 
in various leafy green produce was obtained by Gonzalez-Escalona et al. 
(2012). It is known that the application of the IMS technique can decrease 
LOD by concentrating target bacteria (Shields et al., 2012, Yang et al., 2007). 
The results of this chapter also showed that the LODs of PCR-IMS were l log 
lower than PCR alone. A similar result was obtained by Wang (2006) who 





 CFU/g after the application of IMS.  
Although several investigators have evaluated a real-time PCR method 
in combination with IMS for the rapid detection of Salmonella cells 
(Mercanoglu and Griffiths, 2005; Warren et al., 2007, Weagant et al., 2011), 
there was no study to determine the optimal enrichment time for these 
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methods. In this study, a 7-h OB-enrichment at 42°C was sufficient to detect 




 CFU/ml) by the 
PCR-IMS method, which was significantly better than PCR alone. Similarly, 
Weagant et al. (2011) reported that healthy E. coli cells (0.1 - 0.3 CFU/g) were 
undetectable in artificially inoculated alfalfa sprouts but they gave a 
fluorescence signal after being captured with Dynabeads
®
 after 5-h enrichment. 
Another study showed that 10-h enrichment was sufficient in recovering 
Salmonella cells at 1.5 and 25 CFU/ 25g in alfalfa sprout and ground beef 
samples, respectively, to achieve detectable levels by the PCR-IMS method 
(Mercanoglu and Griffiths, 2005). Warren et al. (2007) suggested that 5-h 
enrichment was needed to detect Salmonella cocktail inoculated in tomatoes, 
potato salad and ground beef by real-time PCR combined with flow-through 
immunocapture, which is a circulating IMS system.  
Unlike the detection of healthy cells, a longer enrichment time was 
needed to detect heat-injured cells on raw duck wings, revealing that there was 
no significant (P > 0.05) difference between PCR-IMS and PCR. In general, 
shorter enrichment times (6-8 h) and higher temperature of incubation (42°C) 
were recommended previously for food matrices with high load of background 
microbiota, while longer times (18-24h) and lower temperature (37°C) were 
reported as more sufficient for the recovery of sub-lethally injured pathogens 
(Fedio et al., 2011). Similar to the results in this chapter, Malorny et al. (2004) 
indicated that approximately 20-h was sufficient for the recovery of sub-
lethally injured Salmonella cells to detectable levels using a real-time PCR 
method.  
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In the validation study, the optimised PCR-IMS method had higher 
sensitivity, specificity, accuracy and kappa index than the PCR method after 
12-h enrichment. However, no difference was observed between PCR-IMS 
and PCR after 14-h enrichment. Surprisingly, one more positive reaction 
occurred in the two real-time PCR methods than the ISO method after 24-h 
enrichment. Similarly, Mokhtari et al. (2013) showed that 9 food samples 
(8.8%) were positive for Shigella spp. with real-time PCR, while all negative 
results were obtained from the standard culture methods. Another study 
reported that two pork samples were found positive for Cronobacter spp. by 
real-time PCR while only one was detected by the ISO standard method 
(Wang et al., 2012). European Food Safety Authority also reported that 
monitoring by traditional serotyping methods could result in a high 
underestimation of the real-prevalence of S. Enteritidis in poultry and poultry 
products based on a study on the prevalence of Salmonella in egg-laying 
flocks (EFSA, 2006). These studies indicate that the real-time PCR method 
was more sensitive than the standard culture methods for detecting Salmonella 




This study was the first attempt to optimise a real-time PCR method in 
combination with IMS for the detection of healthy and heat-injured S. 
Typhimurium on raw duck wings with different enrichment times. IMS step 
was optimised by comparing different reaction and separation times, showing 
the highest capture efficiency at 30 min reaction and 3 min separation times. 
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In addition, the combination of IMS with the real-time PCR method increased 
the detection probability and decreased the LOD. For the optimisation of real-
time PCR reaction, three primers were compared and Sal primer was found 
better than the other two (invA and ttr) in terms of the detection sensitivity and 
specificity. The optimised PCR-IMS method showed higher sensitivity for 
detecting healthy Salmonella cells on raw duck wings with shorten enrichment 
time (7 h) than PCR alone, while comparable results with longer enrichment 
times were obtained for these two real-time PCR methods when detecting 
heat-injured Salmonella cells. The PCR-IMS was successfully validated by 
comparing with an ISO method, showing high sensitivity, specificity and 
accuracy. Although no significant difference between PCR-IMS and PCR 
methods with a longer enrichment time was noticed/observed, PCR-IMS 
method did shorten the enrichment time when healthy Salmonella cells were 
detected in raw duck wings and increased the sensitivity under the same time 
enrichment. Thus, this study demonstrated the potential for combining real-
time PCR with IMS to develop a reliable alternative rapid method for 
detecting S. Typhimurium on raw duck wings with a short enrichment time. 
Furthermore, these results suggest that longer enrichment times should be 
needed for the recovery of injured cells to obtain reliable detection.
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CHAPTER 5  Growth of healthy and sanitiser-injured 
Salmonella cells on mung bean sprouts in different commercial 
enrichment broth  
 
5.1 Introduction 
Mung bean sprouts are widely consumed in Asian countries (Cerna-
Cortes et al., 2013; Neo et al., 2013), and are now recognised that sprouts can 
harbour Salmonella spp. (Harris et al., 2003; Yang et al., 2012). The 
Salmonella outbreak cases linked to sprouts consumption are listed in Table 2-
1 in Chapter 2.  
Due to the high risk of sprout borne salmonellosis, the need to improve 
the efficiency of detecting Salmonella presence in sprouts has become a food 
safety concern of high priority (Yang et al., 2013). Methods to detect 
Salmonella in sprouts as described currently by the US FDA include only 
those developed for use with alfalfa seeds and mung beans (FDA, 2014b). It 
was also reported later that testing sprouts, as well as spent irrigation water, 
provided more effective surveillance of sprouts than analyzing sprout seeds 
(Tortorello and Fu, 2005) since widespread contamination of sprouts might 
occur during the sprouting phase (FDA, 2004). Usually, Salmonella might be 
present in low concentrations or in injured conditions in sprouts due to the 
seeds or after sprouting disinfection treatment (Wilderdyke et al., 2004), 
therefore, enrichment is a critical step in detection of Salmonella in sprouts by 
enabling resuscitation of Salmonella cells to detectable levels. Recently, the 
superiority of a case-specific enrichment medium that takes other factors into 
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consideration such as food matrix and background microbiota was highlighted 
(Taskila et al., 2012). This is especially necessary because in Singapore, mung 
bean sprouts found at retail markets have high levels of background 
microbiota (8.0 log CFU/g) (Seow et al., 2012), which makes it imperative to 
identify an effective enrichment broth to recover Salmonella among a high 
level of competitve microorganisms.  
To shorten the total detection period, one-step enrichment was usually 
adopted by rapid detection systems instead of the two-step enrichment that 
suggested by FDA and ISO (Maks and Fu, 2013). There are many 
commercially available broth media, which have been used for Salmonella 
enrichment. BPW and brain heart infusion (BHI) broth have been evaluated as 
enrichment media for Salmonella in sprout-related studies (Kisluk and Yaron, 
2012; Tu et al., 2003). Tetrathionate (TT) broth for selective enrichment and 
BPW supplemented with novobiocin were also utilized for the detection of 
Salmonella in alfalfa sprouts (Maks and Fu, 2013). Additionally, many media 
suppliers have developed advanced one-step enrichment broths such as AD 
from Dupont and OB from Oxoid. However, no study has been conducted to 
compare different commercial enrichment broths in detecting Salmonella in 
mung bean sprouts.  
LB is currently used as a pre-enrichment broth for Salmonella in 
analyzing egg-containing products, coconut, meats, leafy green vegetables, 
alfalfa seeds and mung beans (FDA, 2014c). Because no specific procedures 
were assigned for mung bean sprouts, most studies have used LB as the 
enrichment broth for this commodity (Cerna-Cortes et al., 2013; Inami et al., 
2001). However, Chapter 3 showed that LB was ineffective in enriching S. 
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Typhymurium on raw duck wing samples and the same result with mung bean 
sprouts was noted in this study. To improve the detection protocol, it is 
necessary to demonstrate why the growth of Salmonella in bean sprouts was 
not supported by LB. Therefore, the aim of this study was to select a suitable 
enrichment broth for the detection of Salmonella on mung bean sprouts by 
comparing the growth of healthy and sanitizer-injured Salmonella in various 
broth media using growth modeling. The ineffectiveness of LB in enriching 
Salmonella cells on mung bean sprouts was investigated by comparing pH 
changes, production of organic acids and cell viability that occurred among the 
evaluated enrichment broths. 
 
5.2 Materials and methods 
5.2.1 Bacterial cultures 
Prior to experiments, Salmonella Typhimurium ATCC 14028, S. 
Tennessee ATCC 10722, S. Agona BAA 707, S. Montevideo BAA 710, S. 
Newport ATCC 6962, S. Saintpaul ATCC 9712 were cultured twice in 10 ml 
of TSB for 24 h at 37 °C. Each serotype was conditioned to 100 mg/L 
nalidixic acid by successive culturing with increasing concentrations of 
nalidixic acid in TSB. Development of resistance to nalidixic acid enabled 
growth of Salmonella from background microbiota in mung bean sprouts. 
 
5.2.2 Preparation of healthy and sanitiser-injured Salmonella cells 
Before inoculation, healthy S. Typhimurium was prepared as described 
in section 3.2.1. Equal aliquot (200 μl) of each Salmonella serotype culture, 
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except for S. Typhimurium, was aseptically combined, followed by washing 
with PW as described in 3.2.1, to produce a cocktail of the five serotypes with 
a final concentration of approximately 10
8 
CFU/ml.  
To prepare sanitiser-injured Salmonella cells, a sodium hypochlorite 
solution (household bleach) was selected as the sanitiser (Hygold Chemical 





 (Merck, Darmsradt, Germany) 
according to manufacturer’s instruction. Different concentrations of active 
chlorine (200, 100, 50, 25, 2.5 mg/L) were prepared by diluting the bleach 
solution with distilled water (Neo et al., 2013). An aliquot of 100 μl of either S. 
Typhimurium or the Salmonella cocktail (ca. 10
8
 CFU/ml) was transferred to 
10 ml of a prepared sanitizer solution to which it was treated for 60, 90, or 180 
s at room temperature by gentle mixing for uniform sanitizing. After the 
sanitizer treatment, cells were immediately washed and 10-fold diluted with 
0.1% (w/v) PW. The calculation of injured cell percentage was conducted as 
stated in section 3.2.4. 
 
5.2.3 Inoculation 
Raw mung bean sprouts (Vigna radiata) were purchased from a local 
market in Singapore and were tested for the presence of Salmonella using 
XLD prior to inoculation. Mung bean sprouts were inoculated with S. 
Typhimurium or the Salmonella cocktail as follows: 500 g of mung bean 
sprouts were submerged in 2 L of an aqueous suspension of either healthy or 
injured cells for 45 min at room temperature with magnetic stirring to reach 






 CFU/25g, and were air-dried on sterile 
 80 
plastic trays in a laminar flow biosafety cabinet for 3-4 h (Neo et al., 2013). 
The inoculated mung bean sprouts were then weighted 25 g into each sterile 
stomacher bag, and stored at 4°C overnight which simulates storage conditions 
in a supermarket. 
 
5.2.4 Growth kinetics of S. Typhimurium in different enrichment broths 
The growth kinetics of S. Typhimurium in different enrichment broths 
was modeled and calculated according to section 3.2.3.  
 
5.2.5 Growth of healthy and sanitizer-injured cells at low inoculum levels 
Mung bean sprouts inoculated with healthy or sanitizer-injured S. 




 CFU/25g were 
incubated in AD and OB at 42°C while BPW incubated at 37°C for 24 h. 
Samples were taken at 5, 8, 12, and 24 h intervals to monitor cell growth.  
 
5.2.6 Enumeration 
XLD supplemented with 0.1 mg/L nalidixic acid (XLDn) was used as 
selective and differential agar media for isolation and enumeration of 
Salmonella. At each sampling point, 1 ml of culture was serially diluted with 
0.1% PW and spread-plated onto XLDn. The plates were incubated at 37°C 
for 24 h and colonies having phenotypes typical of Salmonella were counted 
using a colony counter (Rocker Scientific Co. Ltd., Taipei, Taiwan). The 





5.2.7 Investigation of LB inhibition mechanism of Salmonella on mung 
bean sprouts 
5.2.7.1 Analysis of background microbiota in mung bean sprouts 
Uninoculated mung bean sprouts (25 g) were homogenised with 225 ml 
of BPW or LB with a paddle blender at 1,500 rpm for 1 min and incubated at 
37°C for 24 h. For microbiological analysis, sampling was performed at 0 h 
and 24 h of incubation and serially diluted before plating. Total viable counts 
(TVC) were determined using the pour-plating method with plate count agar 
(PCA; Oxoid) and incubated at 30°C for 72 h (ISO 4833:2003). The level of 
Pseudomonas spp. was determined by spread-plating dilutions on cetrimide 
fusidin cephaloridine agar (CFC; Oxoid) and incubating at 30°C for 48 h (ISO 
13720:2010). The level of lactic acid bacteria (LAB) were similarly 
determined using de Man Rogosa Sharpe agar (MRS; Oxoid) adjusted to pH 
5.7 by pour-plating and anaerobic incubation at 30°C for 72 h using anaerobic 
jar and Anaerocult
® 
C (Merck) (ISO 13721:1995). The level of psychotropic 
bacteria was determined by spread-plating on PCA and incubating at 6.5°C for 
10 days (ISO 13720:2010). Coliforms and Escherichia coli were determined 
using 3M™ Petrifilm™ E. coli/Coliform Count Plates (3M, Maplewood, MN, 
USA). 
 
5.2.7.2 Analysis of organic acids in enrichment broths 
BPW or LB containing uninoculated mung bean sprouts were incubated 
as described above. BPW served as a negative control in this study. Samples 
from both 0 h and 24 h incubation were centrifuged at 12,000 x g for 1 min 
and the supernatants were filtered by a 0.20-μm-pore-size RC membrane filter 
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(Sartorius, Gottingen, Germany). Organic acid concentrations were measured 
using high performance liquid chromatography (HPLC) (Shimadzu, Kyoto, 
Japan) with a Supelogel C-610 H column (Sigma-Aldrich). Chromatograms 
for standard succinic, lactic and acetic acids (Sigma-Aldrich) were run at 
consecutive concentrations to construct standard curves. The linear range, 
linearity, LOD, and limit of quantification (LOQ) for each acid were 
calculated (Lee et al., 2013; Shrivastava et al., 2011). The concentration of 
each acid was calculated based on the standard curve. 
 
5.2.7.3 Monitoring of pH changes of enrichment broth 
A 25 g of mung bean sprouts inoculated with Salmonella cocktail at 10
2
 
CFU/25g was incubated in BPW, LB, SB and TSB at 37°C, while in OB at 
42°C. The pH changes were measured at specific incubation times of 0, 2, 4, 6, 
8, 10, 12, and 24 h using SevenCompact™ pH/Ion S220 meter (Mettler 
Toledo, Greifensee, Switzerland). 
 
5.2.7.4 Viability of Salmonella cells in LB 
To determine the viability of Salmonella after enrichment, mung bean 




 CFU/25g of Salmonella cocktail 
were incubated in LB for 24 h at 37°C. The bean sprouts were also incubated 
in BPW and OB for 24 h at 37°C and 42°C, respectively, for a parallel 
comparison. A 1.0-ml of each sample at 0 h and 24 h incubation was plated on 
XLDn, followed by incubation and enumeration as described above. The pH 
values of the samples were measured. After 24 h incubation, samples in LB 
were transferred to Rappaport-Vassiliadis (RV), the standard secondary 
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enrichment broth recommended by FDA (FDA, 2014c), to investigate whether 
the stressed Salmonella in LB can be recovered by assisting with a secondary 
enrichment step. Again, cell concentration and pH were measured as described 
above.  
Real-time PCR (PCR) in combination with propidium monoazide (PMA) 
was used to assess the impact of organic acids on bacterial viability and 
membrane damage. For this method, PMA (Biotium, Hayward, CA, US) was 
dissolved in 20% dimethyl sulfoxide (DMSO) to a level of 20 mM and stored 
at -20°C. An aliquot of 1.25 μl of PMA was added to 500 μl of enrichment 
broth at 0 h and 24 h, followed by incubation for 5 min in dark with gentle 
mixing using a rotating mixer (BioSan, Riga, Latvia). Illumination of samples 
at 465-475 nm for 10 min was performed with a PMA-Lite™ LED photolysis 
device (Biotium) for PMA activation. After PMA cross-linking, cells were 
centrifuged at 3,500  g for 10 min and 4°C. To isolate DNA, the supernatant 
was removed and the pellet was re-suspended in 200 μl 10  PBS (phosphate-
buffered saline, pH 7.4, Sigma-Aldrich) (Nocker et al., 2007). The suspension 
was boiled at 100°C for 5 min and immediately chilled on ice for 3 min, 
followed by centrifugation at 13,300 g for 10 min at 4°C. The supernatant 
was collected and stored at -20°C for further real-time PCR analysis. For 
PMA-untreated samples, suspension was directly subjected to DNA extraction. 
 
5.2.7.5 Real-time PCR 




5.2.8 Data analysis 
Significant differences between more than two values or two values 
were statistically analysed as described in section 3.2.6. and 4.2.7. 
 
5.3 Results 
5.3.1 Growth parameters of S. Typhimurium in enrichment broths 
Figure 5-1a shows the average growth curves for eight enrichment 
broths as fitted to the Baranyi model. The coefficients of determination (R
2
 
values) for the fitted growth curves for AD, BPW, MP, NB, OB, SB, TSB and 
UPB were greater than 0.97 (data not shown). Growth of S. Typhimurium in 
LB was insufficient to develop a full curve; therefore, growth could not be 
fitted into the model (Figure 5-1b). Proliferation of S. Typhimurium was 
inhibited in LB during the incubation for 24 h and no typical Salmonella 
colonies were observed on XLDn at 24 h, revealing that the LB was 
ineffective in enriching S. Typhimurium on mung bean sprouts. The growth 
parameters of S. Typhimurium in the enrichment broths were also calculated 




Figure 5-1 Fitted growth curves of Salmonella Typhimurium inoculated on 
mung bean sprouts in various enrichment broths: buffered peptone water 
(BPW), universal pre-enrichment broth (UPB), ONE broth-Salmonella (OB), 
nutrient broth (NB), Salmonella AD media (AD), selenite broth (SB), tryptone 
soy broth (TSB), BAX® System MP media (MP) (a), and the Salmonella 












































Enrichment time (h) 
(b) 
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Table 5-1 Growth parameters
1
 of Salmonella Typhimurium on mung bean 

























 0.62 ± 0.09
bc
 6.56 ± 0.18
bc
 




 0.38 ± 0.05
b
 6.78 ± 0.17
cd
 




 0.28 ± 0.10
a
 6.21 ± 0.76
b
 




 0.40 ± 0.05
b













 0.63 ± 0.04
c
 6.70 ± 0.20
cd
 




 0.63 ± 0.11
c
 5.22 ± 0.08
b
 




 0.82 ± 0.05
d
 7.02 ± 0.08
d
 




 0.54 ± 0.03
b




 All measurements were done in triplicate with replication (n=6), and all 
values are expressed as mean ± standard deviation. Different alphabetical 
superscript within the same column indicate significant (P ≤ 0.05) differences 
for the respective growth parameters.  
2
 DT, doubling time; LPD, lag-phase duration; MGR, maximum growth rate; 
MPD, maximum population density. 
 
Growth of S. Typhimurium to levels exceeding 6.0 log CFU/ml after 24 
h of incubation occurred with most of the enrichment broths evaluated. The 
highest MPD was achieved in OB and the lowest in MP and SB. As selective 
media, OB and SB had significantly (P ≤ 0.05) longer LPD than the non-
selective TSB and UPB, which had no observable lag phase. The highest 
MGR value for OB demonstrated a higher rate of growth for S. Typhimurium 
in this broth. In a descending order, MGR values for AD, MP and BPW follow. 
Furthermore, DT showed that cells multiplied at equally fast rates in OB, AD, 
MP and BPW (P > 0.05). These results demonstrate that AD, OB and BPW 
might be best suited for the enrichment of Salmonella spp. from mung bean 
sprouts because they are characterized by relatively higher MGR, lower DT 
and MPD values higher than 6.0 log CFU/ml. Therefore, these three 
enrichment broths were selected for the further study. 
 
 87 
5.3.2 Enrichment of healthy and 90% sanitiser-injured cells at low inoculum 
levels in AD, OB and BPW 
S. Typhimurium cells were treated with 2.5 mg/L of active chlorine for 
90 s to achieve 95.7 ± 4.6% of injury (data not shown). Both healthy and 90% 





 CFU/25g, and incubated in BPW, AD and OB. 
Regardless of the inoculum level, the population of healthy S. Typhimurium 
reached above 3.0 log CFU/ml after 5 h enrichment in all three broths (Figure 
5-2a and 5-2b). After 24 h enrichment, significantly (P ≤ 0.05) higher 





CFU/25g, respectively) in OB were observed in comparison to populations in 
BPW and AD. A similar trend was observed for the recovery and regrowth of 
90% sanitizer-injured S. Typhimurium in OB, showing more than 5.0 log 
CFU/ml increase for both inoculum levels (Figure 5-2c and 5-2d).  
In evaluating growth trends of other Salmonella serotypes, growths of 
the cocktail of five serotypes were also monitored with the same methods. To 
obtain similar injury percentage to S. Typhimurium, the cocktail was treated 
using 2.5 μg/L of active chlorine for 180 s to achieve 91.3 ± 3.9% of injury 
(data not shown). Unlike S. Typhimurium, the populations of healthy and 90% 
sanitizer-injured Salmonella cocktail in the three broths were less than 3.0 log 
CFU/ml after 5 h of incubation (Figure 5-3). In analyses with the healthy 
Salmonella cocktail, OB again had more growth of Salmonella than BPW and 
AD (P ≤ 0.05), while there was no significant (P > 0.05) difference in the 




Figure 5-2 Recovery of Salmonella Typhimurium on mung bean sprouts in buffered peptone water (BPW), Salmonella AD media (AD), and 
ONE broth-Salmonella (OB) from low inoculum levels for healthy cells: 10
0
 CFU/25g (a) and 10
1
 CFU/25g (b) and 90% sanitiser-injured cells: 
10
0
 CFU/25g (c) and 10
1
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Figure 5-3 Recovery of Salmonella cocktail on mung bean sprouts in buffered peptone water (BPW), Salmonella AD media (AD), and ONE 
broth-Salmonella (OB) from low inoculum levels for healthy cells: 10
0
 CFU/25g (a) and 10
1
 CFU/25g (b) and 90% sanitiser-injured cells: 10
0
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Though OB showed superiority in enriching healthy Salmonella cells, 
the effectiveness of BPW was comparable to OB for the resuscitation and 
growth of sanitizer-injured cells to a detectable level of 10
3
 CFU/ml for real-
time PCR within 8 h. 
 
5.3.3 The inhibition mechanism of LB during Salmonella enrichment 
5.3.3.1 Changes in pH of broths during enrichment 
Changes in the pH values of LB, BPW, OB, SB, and TSB were 
monitored during the 24 h incubation (Figure 5-4). The initial pH was 
approximately 7.0 for all other broths evaluated, except for LB which had a 
pH of 6.5. The lowest pH measurements for BPW, OB, SB and TSB during 
incubation were 6.3, 6.6, 6.6 and 5.2, respectively. After 24 h of incubation, 
the pH values for these media were between 6.2 and 7.0. The pH value for LB 
decreased from pH 6.5 to 4.5 during the first 8 h of incubation, and to pH 4.3 
after 24 h. 
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Figure 5-4 Changes in pH values of buffered peptone water (BPW), lactose 
broth (LB), ONE broth-Salmonella (OB), selenite broth (SB) and tryptone soy 
broth (TSB) during enrichment of Salmonella cocktail for 24 h. 
 
5.3.3.2 Analysis of background microbiota in mung bean sprouts 
The initial TVC of mung bean sprout samples was higher than 8.5 log 
CFU/ml. The categories of microbes evaluated occurred on bean sprouts in 
densities ranging from 5.0 to 7.0 log CFU/ml, except for E. coli which was not 
detected in any sample (Table 5-2). A significant (P ≤ 0.05) increase in the all 
microbial groups was observed in BPW for 24 h of incubation, while only 
psychrotrophs, LAB, and yeast and molds increased in LB. The cell 
concentration of lactose negative Pseudomonas spp. remained unchanged in 
LB and was, therefore, lower than those that occurred in BPW. Though 
coliforms can ferment lactose at the optimal temperature of 42°C, incubation 
of LB at 37°C did not increase coliforms and the coliform count was, therefore, 




















predominant microbiota in LB, while comparable levels of psychrotrophs, 
LAB, Pseudomonas spp. and coliforms were present in BPW. 
Table 5-2 Growth
1
 of background microbiota in mung bean sprouts in BPW 







0 h 24 h 0 h 24 h 
Total viable count 8.62 ± 0.40
ax
 9.47 ± 0.30
bX
 8.94 ± 0.60
Ax
 8.70 ± 0.07
AY
 










































 N.D. N.D. N.D. 
1
 Different alphabetical superscripts within the same broth (a-b for BPW and 
A-B for LB) and the same enrichment time (x-y for 0 h; X-Y for 24 h) for 
each group indicate a significant (P ≤ 0.05) difference.  
2
 N.D.= not detected.   
 
5.3.3.3 HPLC analysis of organic acids 
Three characteristic peaks on HPLC were observed for enrichments of 
mung bean sprouts in BPW and LB before and after incubation for 24 h. These 
were identified as succinic, lactic and acetic acids based on the retention times 
of chemical standards (data not shown). In BPW, the concentrations of 
succinic and lactic acids decreased, while the concentration of acetic acid 
increased by 13.2 mM after 24 h (Table 5-3). The decrease in succinic acid 
was also observed in LB after incubation, whereas the concentrations of lactic 




Table 5-3 Organic acids
1
 tested by HPLC in mung bean sprout samples in different enrichment broths (BPW and LB) and their concentrations 














0 h, mM 
(%) 




0 h, mM 
(%) 




Succinic acid 0.03 – 1.00 1.000 0.022 0.068 23.05 ± 1.50a  




(0.12 ± 0.00) 
-12.78 ± 1.32 12.44 ± 1.23
A
  




(0.07 ± 0.01) 
-6.21 ± 1.01 
Lactic acid 0.03 – 1.00 1.000 0.017 0.051 33.06 ± 1.54a  




(0.25 ± 0.01) 
-4.82 ± 1.00 45.95 ± 1.67
A
  




(0.60 ± 0.02) 
20.14 ± 1.31 
Acetic acid 0.03 – 1.00 1.000 0.013 0.040 14.37 ± 0.84a  




(0.17 ± 0.02) 
13.17 ± 2.78 17.08 ± 2.29
A
  




(0.37 ± 0.27) 
44.44 ± 3.68 
1

















Table 5-4 Determination of viability of Salmonella cells by using PMA-qPCR, cultural ISO method and pH changes in lactose broth (LB), 






















PMA- PMA+ PMA- PMA+ 
LB 0 N.D.
2
 N.D. N.D. 6.73 ± 0.12 33.32 ± 1.18
x
 33.12 ± 1.05
x
  3.45 ± 0.17
a
 6.63 ± 0.17 




 N.D. 4.20 ± 0.05 32.37 ± 0.90
x
 33.05 ± 1.14
x
  3.00 ± 0.19
b
 4.17 ± 0.12 
RV (LB) 24 N.D. N.D. N.D. 5.23 ± 0.03 31.68 ± 1.75
x
 32.27 ± 2.29
x 
 4.46 ± 0.29
 
5.17 ± 0.19 
BPW 0 N.D. N.D. N.D.
X
 7.08 ± 0.13 33.00 ± 0.63
x
 32.16 ± 1.78
x
  3.65 ± 0.16
a 
7.09 ± 0.10 
24 28.34 ± 2.13
x
 29.14 ± 1.24
x
  4.57 ± 0.32
Y
 6.55 ± 0.16 23.82 ± 2.88
x
 24.37 ± 2.97
x
  5.39 ± 0.21
b 
6.55 ± 0.12 
OB 0 N.D. N.D. N.D.
X
 6.99 ± 0.03 32.51 ± 1.51
x
 32.70 ± 0.87
x
  3.36 ± 0.20
a 
6.99 ± 0.02 
24 28.15 ± 1.56
x
 28.78 ± 2.22
x
  4.71 ± 0.17
Y
 6.76 ± 0.02 20.33 ± 2.20
x
 20.63 ± 1.52
x
  6.23 ± 0.13
b 
6.74 ± 0.03 
1
 Statistically analyses (x, y for Ct value and a, b for plate counts) were made between PMA- and PMA+, and the initial and the final counts, 
respectively.  
2
 N.D.= not detected.   
3
 2 out of 6 were detected 
4
 1 out of 6 was detected
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5.3.3.4 Salmonella cell viability in LB, BPW and OB 
The viability of Salmonella after enrichment in LB, BPW and OB was 
determined using plating and PMA-PCR techniques at low and high inoculum 
levels (Table 5-4). At low inoculum level (10
0
 CFU/25g), Salmonella cells in 
all broths were not detected by either plating or real-time PCR at 0 h. After 24 
h of incubation, the population of Salmonella increased to higher than 4.5 log 
CFU/ml in both BPW and OB, with insignificant differences in Ct values from 
real-time PCR detection of PMA-treated and PMA-untreated samples. 
However, cell concentrations in LB still remained below the detection limit for 
isolation (10
1
 CFU/ml) and for real-time PCR (2/6 positive for PMA-untreated 
and 1/6 positive for PMA-treated). This indicates that the growth of 
Salmonella may be inhibited by increasing acid concentrations during 
enrichment (final pH 4.2).  
At a high inoculum level (10
5
 CFU/25 g), the population of Salmonella 
in LB after 24 h of incubation was significantly less than the initial population 
(0.5 log CFU/ml decrease) (P ≤ 0.05) compared to the initial population, 
whereas there was no significant (P > 0.05) difference in Ct values between 
PMA-untreated and -treated samples. These results suggest that the majority 
of Salmonella in LB were viable by characterisation of intact cell membranes. 
The low pH associated with enrichment in LB may have, however, induced 
injury to viable cells. Unlike LB, comparable Ct values were obtained in 
PMA-treated or PMA-untreated samples in either BPW or OB after 24 h 
incubation and the number of cells in both broths increased to above 5.0 log 
CFU/ml. These results suggest that the stability of pH of BPW and OB might 
allow cell recovery during enrichment.  
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For further investigation on the recovery of stressed Salmonella cells 
from LB in the secondary enrichment, suspensions of LB enrichment were 
transferred into RV, the standard secondary enrichment broth (FDA, 2014c). 
Though the final pH value was approximately 5.2, Salmonella from the low 
inoculum sample were still undetectable by either plating or real-time PCR 
method, while the number of Salmonella from the high inoculum sample 
increased to 4.5 CFU/ml. 
 
5.4 Discussion 
This was the first study to investigate the effectiveness of various 
commercially available broths for the enrichment of Salmonella cells on mung 
bean sprouts. Cell growth parameters in various enrichment broths were 
compared to identify a suitable broth for Salmonella detection. S. 
Typhimurium was used as the model serotype since it has been a common 
serotype associated with sprout-related outbreaks (Brooks et al., 2001; MDCH, 
2009). Unlike Chapter 3, to make it more comprehensive, the growth of a five 
serotype Salmonella cocktail was also evaluated in the selected enrichment 
broths in consideration of serotype variation. The cocktail included serotypes 
that have been reported in outbreaks referred over the past 10 years as 
indicated in Chapter 2.  
Non-selective BPW and two selective broths: AD and OB, characterized 
by high MGR, low DT and high MPD values were identified as the most 
effective enrichment broths for use with mung bean sprouts to detect 
Salmonella. These broths evaluated vary in composition and mechanism of 
action for the growth of Salmonella cells. For the commercial selective one-
 97 
step enrichment broths (AD and OB), the selective supplements suppress 
competitive bacteria to facilitate the growth of Salmonella. AD is a phage-
based enrichment broth, in which bacteriophage is intended to inhibit the 
growth of non-target bacteria and enhance growth of target bacteria (Stave and 
Teaney, 2009). Another selective broth, OB, showed superior growth of 
Salmonella in this study and has also been recommended for use as a single 
enrichment broth in Chapter 3 and other previous studies (Delibato et al., 
2013). The advantages of using OB have been described in Chapter 3. As a 
non-selective enrichment medium, BPW is recommended for the pre-
enrichment of Salmonella from various food products in the international 
standard protocols due to the effective recovery of damaged cells and a high 
buffer capacity (Kisluk and Yaron, 2012; Mooijman, 2012; Taskila et al., 
2012). BPW has also been reported to be effective in recovering heat-injured 
Salmonella cells in pure cultures (Baylis et al., 2000b), as well as in 
recovering 50% heat-injured S. Typhimurium cells on duck wings in Chapter 3. 
Although the results of this study show that OB enriched higher levels of 
Salmonella than the other enrichment broths evaluated, regardless of 
physiological state, the populations of Salmonella in both OB and BPW 
reached detectable levels for molecular analysis following enrichment. Thus, 
BPW might be a cost effective enrichment broth since the market price of 
BPW is considerably less than OB.  
Since mung beans share the similar background microbiota as sprouts, 
and Salmonella in mung beans or spent irrigation water are also under 
sanitizer stress conditions (CDC, 2014c; Wilderdyke et al., 2004), the results 
obtained in this study using mung bean sprouts may be also applicable to 
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resuscitate Salmonella on mung beans and spent irrigation water. However, 
the level of background microbiota on seeds and in irrigation water might be 
different from those in mung bean sprouts, further research on these items is 
needed to validate the results obtained from this study.    
LB is recommended as a standard pre-enrichment broth for the detection 
of Salmonella spp. on a variety of foods including alfalfa seeds, mung beans 
and some vegetables according to FDA BAM (FDA, 2014c). Many studies 
have also used LB as pre-enrichment broth for sprouts (Cerna-Cortes et al., 
2013; Inami et al., 2001). However, the growth of S. Typhimurium in LB was 
inhibited during 24 h enrichment in this study. To identify the cause for this 
inhibition, several intrinsic factors affecting cell growth during enrichment 
were considered. Microbiological analysis of mung bean sprouts demonstrates 
a high population of bacteria. This observation is consistent with a previous 
study on the microbiological quality of mung bean sprouts in Singapore (Seow 
et al., 2012). Among the six bacterial communities tested in this study, LAB 
group was identified as dominant bacteria in LB after enrichment. This might 
be due to the fact that the majority of lactose (5.0 g/L) in LB provides a 
desirable carbon and energy source for LAB to multiply, resulting in a 
significant increase in their populations. Lactose fermenting LAB has been 
reported to possess an ability to inhibit or reduce pathogen loads, especially 
the Gram-negative pathogens, in various foods (Alakomi et al., 2000). For 
example, Lactobacillus spp. may inhibit Campylobacter jejuni in broiler 
chickens (Neal-Mckinney et al., 2012), as well as Escherichia coli O157:H7 
and S. Enteritidis in table olives and maize dough (Argyri et al., 2013; Sanni 
and Edema, 2008).  
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The pH decrease by the production of organic acids is recognised as one 
of the antimicrobial characteristics of LAB (Argyri et al., 2013). Thus, the pH 
change occurring in LB during enrichment with bean sprouts was constantly 
monitored and a substantial decrease in pH (6.3 to 4.3) was observed in this 
study. Similarly, Argyri et al. (2013) reported that the presence of LAB on 
table olives was associated with a decrease in pH from 6.1 to 4.2, which 
inhibited proliferation of S. Enteritidis during enrichment.  
To identify organic acids contributing to this pH decrease, organic acids 
present in LB and BPW following enrichment were identified and quantified 
with HPLC. Results showed that the concentrations of lactic and acetic acids 
remarkably increased during the enrichment of mung bean sprouts with LB. 
Under a similar condition to the present study (60 mM lactic acid, pH 4.5 ± 
0.2), Fayol-Messaoudi et al. (2005) reported a 3.5-log reduction in S. 
Typhimurium SL1344 in Luria Broth. It has also been demonstrated that 
growth of S. Typhimurium was strongly inhibited at pH 4.6 when lactic acid 
was at a level of 30 mM (Levine et al., 2012). In addition, the synergistic 
effect of two acids was suggested by Adams and Hall (1988) who 
demonstrated that the stronger lactic acid (pKa 3.86) might be responsible for 
decreasing extracellular pH while the weaker acetic acid (pKa 4.75) might lead 
to the decrease of growth rate of S. Enteritidis at around pH 4.5 by reducing 
intracellular pH. Thus, the increase in the amount of acetic and lactic acids in 
LB during the enrichment of bean sprouts might explain the growth inhibition 
of Salmonella cells on bean sprouts.     
Although LAB grew to a level higher than 8 log CFU/ml in both BPW 
and LB, Salmonella grew well in only BPW, whereas their growth was 
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inhibited in LB. This is because BPW has a well established buffered system 
that can restore the acidic pH to neutral pH, while LB cannot restore pH value 
without such a buffer system. A previous study showed that the suppression 
on Salmonella was not observed after adjusting the pH of culture from 4.6 to 
6.8 during enrichment (Levine et al., 2012), suggesting that the pH decline 
might be one of the major reasons for the failure of LB to enrich Salmonella 
(Ullah et al., 2012).   
The antimicrobial effect of organic acids appears to be the result of 
lipophilic, undissociated acids permeating the plasma membrane, resulting in 
cell death (Adams and Hall, 1988; Milillo et al., 2011). PMA treatment prior 
to real-time PCR allows for distinction of viable cells from dead cells by 
binding to the DNA of dead cells and preventing amplification of the PCR 
target sequence. The use of PMA has been successfully validated in various 
bacteria, such as Salmonella spp. (Nocker et al., 2007), Listeria 
monocytogenes (Pan and Breidt, 2007), Escherichia coli O157:H7 (Nocker et 
al., 2007), Bacteroidales (Bae and Wuertz, 2009), and Bacillus subtilis 
(Rawsthorne et al., 2009). Thus, it is feasible to use PMA combined with real-
time PCR (PMA-PCR) to determine the viability and physiological condition 
of Salmonella during enrichment in LB. For this experiment, a high inoculum 
level (10
5
 CFU/25g) was included to allow better observation since no 
Salmonella at a low inoculum level (10
0
 CFU/25g) were detected by plating or 
real-time PCR methods.       
 There was no significant difference in Ct values between PMA-treated 
and -untreated DNA samples at the high inoculum level after 24 h incubation 
in LB, revealing that there was no cell death caused by the disruption of cell 
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membrane. Similarly, studies of Milillo et al. (2011) and Helander et al. (2000) 
also demonstrated that the amount of acetic or lactic acids at pH 4.0 was not 
enough to cause membrane disruption. However, a decline in Salmonella was 
observed through isolation on XLDn during enrichment in LB (Figure 5-1 and 
Table 5-1), indicating that the stressed condition of Salmonella that caused by 
the presence of organic acids might be susceptible to the selective compounds 
in XLDn and therefore, cells could not form colonies on the selective agar 
(Wu, 2008). These results suggest that the acidic condition of LB during 
enrichment might inhibit the growth of bacteria but not cause membrane 
damage. Thus, the growth inhibition in LB may be explained by the decrease 
in the transcript levels of some life cycle regulated genes, such as fim, under 
low pH conditions (Wang et al., 2013) or by the inactivation of some pH-
sensitive enzymes in cytoplasm (Stratford et al., 2009).  
The suspension of LB enrichment was transferred into RV as 
recommended by FDA BAM to evaluate whether the secondary enrichment 
helps the recovery of Salmonella from LB. Growth of Salmonella in RV was 
observed in analyses of test portions inoculated at high levels, while neither 
plating nor real-time PCR were effective with test portions of mung bean 
sprouts inoculated with low levels of Salmonella. This result indicates that 
using LB as pre-enrichment broth, even assisted with a secondary enrichment, 
might still cause false negative results in Salmonella detection when the cells 
were present in low concentrations. One possible explanation is that injured or 
stressed cells in LB might become more susceptible to the selective agent 
(malachite green) in RV, resulting in a failure in recovery during the 
secondary enrichment. Since Salmonella is generally present in low 
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concentrations in food products, the failure to recover Salmonella spp. in LB 
might give false negative results in either the PCR method or even standard 
culture method. Therefore, LB is not a suitable enrichment broth for 
Salmonella spp. on food products with high concentrations of lactose-
fermenting background microbiota such as mung bean sprouts. 
 
5.5 Conclusion 
The results of the growth curve study showed that OB and BPW could 
recover both healthy and sanitizer-injured Salmonella cells to detectable levels 
for molecular rapid detection; however, BPW might be a better enrichment 
broth for the detection of Salmonella on mung bean sprouts from an 
economical perspective. Unlike other broths, Salmonella growth was not 
observed during enrichment in LB. This might be due to the increase in the 
number of LAB present in mung bean sprouts during enrichment, resulting in 
the production of acetic and lactic acids which decreased the pH and inhibited 
Salmonella. This acidic condition could inhibit the growth of Salmonella cells 
in LB. Therefore, these results indicate that using LB likely gives false 
negative results even after a secondary enrichment step when the low number 
of Salmonella is present in foods with high background microbiota. This study 
was the first attempt to explain a possible mechanism of the failure of LB in 
the enrichment of Salmonella on mung bean sprouts. The results obtained in 
this study could provide useful information to improve the accuracy of 





CHAPTER 6  Evaluation of real-time PCR coupled with 
different pre-treatments for the detection of healthy and 
sanitiser-injured Salmonella spp. on mung bean sprouts  
 
6.1 Introduction 
Given the maximum shelf life of 12 days (FDA, 2014a), there is a 
sustained interest in the investigation on reliable rapid detection methods since 
the conventional cultural method usually takes 5-7 days for Salmonella 
detection (FDA, 2014b; ISO, 4833:2003). Even though many detection 
methods have been recently evaluated for mung beans  (FDA, 2014; Neetoo 
and Chen, 2010) or spent irrigation water (McEgan et al., 2009), testing 
sprouts themselves may provide more reliable and direct results since certain 
practices at the sprouting facilities increase the microbial hazards (Anonymous, 
1999).  
IMS has been proven to be an effective way not only to separate target 
bacterial cells from PCR inhibitors in the food sample but also to concentrate 
target pathogens into a smaller volume (Chapter 4). However, non-specific 
binding of immunomagnetic beads was also reported in some cases (Foddai et 
al., 2010; Park et al., 2014) with a concern about reducing the capture 
efficiency. On the other hand, centrifugation is another alternative method to 
physically concentrate bacterial cells, used routinely at the step of samples 
preparation (Lofstrom and Hoorfar, 2012; Rodriguez-Lazaro et al., 2014; 
Wang et al., 2015). However, centrifugation usually leads to the sedimentation 
 104 
of bacteria along with food components, which may cause interference in the 
downstream detection (Dwivedi and Jaykus, 2011). Thus, the effects of 
different pre-treatments for the efficiency of real-time PCR detection may vary 
with different food matrices and background microbiota levels.  
Although several studies have evaluated the detection of Salmonella spp. 
using real-time PCR coupled with different pre-treatments on other food 
matrices, very limited studies have been conducted using mung bean sprouts. 
Therefore, the aim of this study was to evaluate the effectiveness of different 
sample pre-treatments for Salmonella concentration and isolation from mung 
bean sprouts to yield an economic and accurate method to assist real-time PCR 
technique. The methods were also validated by both artificially inoculated and 
naturally contaminated mung bean sprout samples compared with a standard 
culture method as a reference. 
 
6.2 Materials and methods 
6.2.1 Bacterial cultures 
S. Agona BAA 707, S. Montevideo BAA 710, S. Newport ATCC 6962, 
S. Saintpaul ATCC 9712 and S. Tennessee ATCC 10722 were grown as 
described in section 5.2.1. The XLD supplemented with 100 mg/L nalidixic 




6.2.2 Preparation of healthy and sanitiser-injured Salmonella cells 
The preparation of healthy and sanitiser-injured Salmonella cells were 
conducted as described in section 5.2.2. 
 
6.2.3 Inoculation 




6.2.4.1 Specificity/Sensitivity of immunomagnetic beads  
The CE of IMBs was evaluated for target Salmonella strains (n=16) and 
non-Salmonella strains (n=24) (Table 6-1). All bacterial strains were grown at 
37°C for 18 to 24 h in TSB before use. IMS was carried out and CE of 
Dynabeads
®
 was calculated as described in section 4.2.3.  
 
6.2.4.2 Optimisation of reaction conditions of IMS 
Firstly, the appropriate bacterial concentration for IMS was determined. 
A 25 g of inoculated mung bean sprouts was homogenized in 225 ml of BPW 
for 1 min using a blender and incubated at 37°C to reach 10
2
 – 106 CFU/ml. 
Meanwhile, different concentrations of pure Salmonella cultures, ranging from 
10
2
 – 108 CFU/ml were prepared. CEs for pure cultures and sprouts 
suspensions were calculated as described above, and the optimum bacterial 
concentration was determined accordingly. 
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 anti-Salmonella were added into either pure Salmonella or BPW-
enriched suspensions as described above. Various bead incubation times (10, 
20, 30, 40, 50, and 60 min) were evaluated by comparing CEs to establish an 
optimum time for adequate beads-bacteria reactions, consequently effectively 
separating Salmonella cells from sprouts suspensions. A washing step with 1 
ml of PBS containing 0.05% (v/v) Tween 80 was applied to remove non-
specific binding from the complex (Tatavarthy et al., 2009). CEs with and 
without (w/o) the washing steps were also compared to evaluate its effect on 
the IMS process. 
 
6.2.5 Real-time PCR 
After IMS or centrifugation, 200 μl of cell suspensions were subjected to 
real-time PCR. DNA was extracted as described in section 4.2.4.1 while real-
time PCR with Sal primer was performed as described in section 4.2.4.2. 
 
6.2.6 Detection probability and LOD 
The detection probability at different Salmonella concentrations in mung 
bean sprouts with different PCR pre-treatments (Malorny et al., 2003) and the 
LOD for each tested treatment was determined. Different final bacterial 
concentration ranges (2.00 – 2.99, 3.00 – 3.99, 4.00 – 4.99 and 5.00 – 5.99 
CFU/ml) were used to determine the detection probability and LOD. After 
enrichment in BPW, the populations of Salmonella spp. in mung bean sprouts 
were enumerated by spread plating on XLDn and the suspensions were 
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subjected to DNA extraction and the subsequent real-time PCR. The minimum 
95% of the positive samples being detected was set as the LOD. 
 
6.2.7 Comparison of real-time PCR with standard ISO method for 
Salmonella detection 
The detection performance of PCR-IMS or PCR-cen, or real-time PCR 
alone (PCR) was evaluated using artificially inoculated food samples with 
different enrichment times (6, 8, 10, 12 and 24 h in BPW at 37°C) by 
comparing with the ISO method as a reference (ISO, 2002). ISO was 
conducted as stated in section 4.2.5.  
For PCR-IMS, 980 µl of enriched samples were incubated with 20 µl of 
IMBs for 30 min and re-suspended in 200 μl of 10 PBS. For PCR-cen, 1 ml 
of food suspensions was centrifuged at 3,500 g for 10 min at 4°C, followed 
by re-suspending cells in 200 μl of 10 PBS. The prepared samples were 
subjected to DNA extraction and real-time PCR as described above. A 200-µl 
aliquot of enriched samples was used directly for real-time PCR alone. 
For all three methods, healthy and sanitiser-injured cells of the 
Salmonella cocktail were inoculated on mung bean sprouts (n=10) at a final 
concentration of 1.9 – 2.8 × 100 or 101 CFU/25g. Meanwhile, the same 
numbers of uninoculated samples were used as control (ISO, 2002). 
 
6.2.8 Validation 
To validate PCR methods with different pre-treatments, a total of 60 
naturally contaminated mung bean sprout samples were purchased from the 
local markets in Singapore and tested as described above. Sensitivity, 
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specificity, accuracy and Kappa index of both methods were calculated with 
reference to the standard ISO method (ISO, 2003) as mentioned in section 
4.2.6. 
 
6.2.9 Statistical analysis 
ANOVA, unpaired t-test, and Fisher’s exact probability tests were 
conducted as described in section 4.2.7. Meanwhile, McNemar’s 2 test was 
carried out to test the level of agreement between the ISO and the real-time 
PCR coupled with different pre-treatments (GraphPad Software Inc.). 
 
6.3 Results 
6.3.1 Optimisation of IMS 
Results showed that commercial anti-Salmonella IMBs effectively 
captured all 16 target Salmonella strains with significantly higher CEs (61.8 – 
80.8%) than the non-Salmonella strains (2.9 – 17.0%) (Table 6-1). Among 
non-Salmonella strains, Citrobacter freundii, Escherichia coli, Enterococcus 
faecalis, Lactobacillus, Listeria monocytogenes 4b, Pseudomonas and 
Staphylococcus aureus showed more than 10.0% of CE, which is considered 
as non-specific binding (Vytrasova et al., 2005). All captured Salmonella cells 
were confirmed by real-time PCR, while all non-specific binding strains 
showed negative reactions.   
The CEs for Salmonella cocktail at different bacterial concentrations in 
both pure cultures and inoculated mung bean sprouts are shown in Figure 6-1. 
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Table 6-1 Capture efficiency (CE%) and the downstream specificity/sensitivity test of IMS-PCR for pure non-Salmonella and Salmonella strains 
culture. 
Bacterial strains ATCC number 
/ ID No. 
















Citrobacter freundii 43836 - 14.1 ± 2.1 - 
Cronobacter muytjensii  51329 - 3.8 ± 1.0 - 
C. sakazakii 29544 Child’s throat 5.0 ± 1.0 - 
Escherichia coli 25922 Clinical isolate 9.8 ± 2.2 - 
E. coli 35218 Canine 10.4 ± 1.7 - 
E. coli O26:H11 CDC 0303014 - 9.7 ± 1.9 - 
E. coli O45:H2 CDC 00-3039 - 9.7 ± 2.3 - 
E. coli O103:H11 CDC 06-3008 - 10.4 ± 3.0 - 
E. coli O127:H6  E2348/69 - 9.0 ± 2.0 - 
E. coli O157:H7 35150 Human faces 8.9 ± 2.1 - 
E. coli 16 serotype: O157:H7 C7927 Apple cider 8.5 ± 2.1 - 
E. coli O157:H7  EDL933 CDC 9.6 ± 1.2 - 
Enterococcus faecalis 29212 - 12.3 ± 1.1 - 
Klebsiella pneumoniae  10031 - 7.3 ± 0.9 - 
Lactobacillus sakei subsp. sakei JCM 1157  15.0 ± 2.6  
Listeria monocytogenes 1 19111 Poultry  6.9 ± 1.6 - 
L. monocytogenes 4b  13932 Spinal fluid of child 
with meningitis 
14.0 ± 4.1 - 
Pseudomonas aeruginosa 10145 - 11.4 ± 1. 9  
Shigella boydii  9207 - 3.8 ± 1.1 - 
S. flexneri  12022 - 2.8 ± 0.7 - 
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S. sonnei  29031 Human feces 2.9 ± 0.6 - 
Staphylococcus aureus  6538 Human lesion 17.0 ± 1.7 - 
S. aureus  33591 - 9.3 ± 1.3 - 














Salmonella Agona BAA-707 Plant 73.9 ± 1.5 + 
S. Enteritidis  13076 - 74.9 ± 3.7 + 
S. Enteritidis 109 serotype E-4 SE-5 Peter Holt 72.9 ± 2.1 + 
S. Enteritidis 124 serotype: 8 5575, 164 MD Department of 
Health 
73.0 ± 3.2 + 
S. Enteritidis 125 serotype: 13A 50036, 203 USDA  77.4 ± 2.2 + 
S. Enteritidis 130 serotype: 2 D1286, 271 CDC, clinical isolate 
NY 
75.0 ± 1.3 + 
S. Gaminara  BAA-711 Orange juice 76.0 ± 3.9 + 
S. Heidelberg  8326 - 61.8 ± 4.6 + 
S. Montevideo  BAA-710 Clinical isolate from 
tomato outbreak 
69.9 ± 5.6 + 
S. Newport  6962 Food poisoning 
Fatality, England 
77.6 ± 4.0 + 
S. Saintpaul  9712 Cystitis, Panama 76.7 ± 3.0 + 
S. Tennessee  10722 - 73.6 ± 3.2 + 
S. Typhimurium 51812 Human blood 80.8 ± 2.8 + 
S. Typhimurium 25241 Methionine auxotroph 
derived from strain 
LT-2 
78.3 ± 2.0 + 
S. Typhimurium 29629 - 78.6 ± 2.9 + 





Figure 6-1 Capture efficiency (CE) of IMS at (a) pure culture and (b) 
inoculated mung bean sprouts at different cell concentrations. 
 





CFU/ml for pure cultures, while a significant (P ≤ 0.05) 
decrease in CEs was obtained outisde the range. Similarly, the maximum CE 
(approximately 40.0%) was achieved when 10
3
 – 105 CFU/ml of Salmonella 
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respectively. These results also showed that the CEs for pure Salmonella 
cultures were significantly higher than those for cells in the food suspensions 
at the same inoculum level. 
For the optimisation of IMS process, various bead incubation times were 
evaluated with or without a washing step at the inoculum level of 10
5
 CFU/ml 
in pure cultures and the suspensions of mung bean sprouts (Table 6-2).  
Significantly (P ≤ 0.05) higher CEs of IMBs for Salmonella cells were 
obtained with bead incubation time of ≥ 30 min in both pure culture and bean 
sprout suspension. Further extension of bead incubation time did not 
significantly (P > 0.05) enhance the CEs. The washing step to remove non-
specifically bound impurities from the bacteria-bead complex did not affect 
the efficiency of IMS. Therefore, to ensure adequate bead-bacteria reaction 
and to remove non-specific binding from background microbiota, the bead 
incubation time of 30 min with washing step was found to be suitable for the 
PCR-IMS method.  
 
6.3.2 Detection probability and LOD of PCR methods with different pre-
treatments 
When the final Salmonella cell concentrations were between 2.00 and 
2.99 log CFU/ml, 75.0% and 83.3% of samples were detected by both PCR-
IMS and PCR-cen respectively, compared with 33.3% detection with PCR 
without pre-treatment (Figure 6-2). 
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Table 6-2 Comparison of capture efficiency
1
 (CE,%) of Salmonella cocktail (ca. 10
5
 CFU/ml) in pure cultures and inoculated on mung bean 






Bead incubation time (min) 
10 20 30 40 50 60 
Pure culture 
 
without wash 51.2 ± 4.0
,x
 57.2 ± 7.3
a,x
 79.8 ± 7.2
b,x
 77.8 ± 0.9
b,x
 73.0 ± 4.6
b,x
 73.2 ± 2.4
b,x
 
wash 46.2 ± 4.2
a,x
 51.2 ± 8.2
a,x
 72.0 ± 5.0
b,x
 73.8 ± 3.4
b,x
 66.5 ± 7.9
b,x





without wash 11.2 ± 2.8
a,x
 14.0 ± 4.0
a,x
 42.2 ± 2.5
b,x
 31.7 ± 3.0
c,x
 32.9 ± 7.1
c,x
 39.1 ± 3.0
bc,x
 
wash  8.6 ± 1.9
a,x
 10.7 ± 6.0
a,x
 38.2 ± 4.3
b,x
 27.8 ± 4.6
b,x
 26.1 ± 8.4
b,x




All values are expressed as mean CE ± standard deviation (n=6). Different letters (a, b) and (x, y) within the same row and column indicated 
significant (P ≤ 0.05) differences of different beads incubation times and with or w/o washing step, respectively. 
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The detection probability of both PCR-IMS and PCR-cen reached 100.0% 
at 3.00 – 3.99 log CFU/ml and consistent detection was achieved when the cell 
concentration was above this level, indicating a LOD at 3.00 log CFU/ml for 
real-time PCR with these two methods. For PCR alone, the consistent 100% 
detection was achieved when the cell concentration was above 4.00 log 
CFU/ml, revealing that a LOD was one log higher than PCR with pre-
treatments. 
 
Figure 6-2 Detection probability of real-time PCR coupled with different pre-
treatments at different bacterial concentration ranges. N% means negative 
percentage and P% means positive percentage. 
 
6.3.3 Comparison of real-time PCR coupled with different pre-treatments 
with ISO method 
Real-time PCR methods coupled with different pre-treatments were 
compared with the ISO method to detect Salmonella-positive samples for 
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mung bean sprouts inoculated with different inoculum levels (10
0
 – 101 
CFU/25g) or in physiological status (healthy and sanitiser-injured cells) 
(Figure 6-3).  
 
Figure 6-3 Number of positive samples being detected by different methods 
for both healthy cells and sanitiser-injured cells at low inoculum levels. (a) 
Healthy cells at 10
0
 CFU/25g. (b) Healthy cells at 10
1
 CFU/25g. (c) Sanitiser-
injured at 10
0





All inoculated mung bean sprouts were successfully identified as 
Salmonella-positive by the ISO method, regardless of inoculum level and the 
physiological state of Salmonella cells. Enrichment time of minimum 8 h was 
needed to detect healthy Salmonella cells in all samples by both PCR-IMS and 
PCR-cen, while an extension of enrichment time to 10 h was required to 
obtain the same results for the injured cells, regardless of inoculum level. 
Longer enrichment time (12 h) was necessary for the detection of healthy 
Salmonella cells using PCR alone, while an even longer time (above 12 h) was 
needed to detect injured cells with this method. 
The performances of PCR-IMS, PCR-cen and PCR after different 
enrichment times were compared within each other and were also evaluated by 
comparing with the ISO method (Table 6-3). After 6-h enrichment, Salmonella 
cells were detected in 60.0% and 85.0% of inoculated samples with PCR-IMS 
and PCR-cen, respectively, indicating significantly (P = 0.023) better 
performance of PCR-cen. However, when compared with the ISO method, 
neither PCR-IMS nor PCR-cen was enough to detect Salmonella after 6-h 
enrichment; therefore, 6-h enrichment was excluded in the validation study. 
The difference between these two methods was not significant (P = 0.359) 
after 8-h enrichment, showing more than 90.0% of detection for both methods. 
Moreover, after enrichment for 8 h, when compared with the ISO method, 2 
values of PCR-IMS and PCR-cen were 2.250 and 0.000, respectively, with 1 
degree of freedom, indicating no significant difference (2 distribution for 1 
degree of freedom is 3.840 when P = 0.05). Both PCR-IMS and PCR-cen 
methods were more accurate (P < 0.05) than the PCR method with enrichment 
times of 8 and 10 h. Regardless of the inoculum level and the physiological 
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state of Salmonella cells, the extended enrichment time to 10 h enabled 100.0% 
Salmonella detection by PCR-IMS and PCR-cen, while PCR alone still did not 
reach 100.0% detection after 12-h enrichment. 
 
6.3.4 Validation 
In order to validate PCR-IMS and PCR-cen methods developed in this 
study, a total of 60 naturally contaminated mung bean sprout samples were 
analysed and their performance for the detection of Salmonella cells at 
different enrichment times was compared with ISO and PCR methods (Table 
6-4). A total of 2 Salmonella-positive samples were identified by the ISO 
method. After 8-h enrichment, none of the contaminated samples was detected 
by all PCR methods, revealing an inadequacy of enrichment. Although 100.0% 
accuracy was achieved after 10-h enrichment, an extended enrichment time to 
12 h resulted in one false positive for both PCR-IMS and PCR-cen when 
compared with the ISO method. Kappa index of 0.79 was obtained with 12-h 
enrichment, indicating strong concordance of either PCR-IMS or PCR-cen 
with the ISO method.
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Table 6-3 The comparison within three different pre-treatments for real-time PCR detection and the comparison with standard ISO method on 
artificially inoculated mung bean sprouts. 
Enrichment 
time 
Variable Real-time PCR 
positive 
Comparison with ISO method
1













IMS 24 (60.0) 2 = 14.063, P < 0.001 PIMS-cen = 0.023, 
PIMS-no treatment = 0.073, 
Pcen-no treatment < 0.001 
Centrifugation 34 (85.0) 2 = 4.167, P = 0.041  
No-treatment 15 (37.5) 2 = 23.040, P < 0.001 
     
 Pre-treatment    
 
8 h 
IMS 36 (90.0) 2 = 2.250, P = 0.134  PIMS-cen = 0.359, 
PIMS-no treatment = 0.027 
Pcen-no treatment < 0.001, 
Centrifugation 39 (97.5) 2 = 0.000, P = 1.000 
No-treatment 27 (67.5) 2 = 11.077, P = 0.001 
     
 Pre-treatment    
 
10 h 
IMS 40 (100.0) N.A.
4
 PIMS-cen = 1.000, 
PIMS-no treatment = 0.012, 
Pcen-no treatment = 0.012 
Centrifugation 40 (100.0) N.A. 
No-treatment 33 (82.5) 2 = 5.143, P = 0.023 
     
 Pre-treatment    
 IMS 40 (100.0) N.A. PIMS-cen = 1.000, 
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12 h Centrifugation 40 (100.0) N.A. PIMS-no treatment = 1.000, 
Pcen-no treatment = 1.000 No-treatment 39 (97.5) 
2
 = 0.000, P = 1.000 
1 
Comparisons of different pre-treatments with ISO method were made using McNemar’s test and evaluated through chi squared (2) and two-
tailed P values.  
2
 Comparisons between different pre-treatments were made using Fisher’s exact probability tests for 2 2 contingency tables. 
3
 A total of 40 positive samples were included. 
4















































60 2 58 0 2 0.0 100.0 96.7 0.00 
PCR-IMS 60 2 58 0 2 0.0 100.0 96.7 0.00 
PCR 60 2 58 0 2 0.0 100.0 96.7 0.00 
PCR-cen 
10 h 
60 2 58 0 0 100.0 100.0 100.0 1.00 
PCR-IMS 60 2 58 0 0 100.0 100.0 100.0 1.00 
PCR 60 2 58 0 2 0.0 100.0 96.7 0.00 
PCR-cen 
12 h 
60 2 58 1 0 100.0 98.3 98.3 0.79 
PCR-IMS 60 2 58 1 0 100.0 98.3 98.3 0.79 
PCR 60 2 58 0 0 100.0 100.0 100.0 1.00 
PCR-cen 
24 h 
60 2 58 1 0 100.0 98.3 98.3 0.79 
PCR-IMS 60 2 58 1 0 100.0 98.3 98.3 0.79 
PCR 60 2 58 1 0 100.0 98.3 98.3 0.79 
1
 Kappa values of <0.01 indicate no concordance, those between 0.1 and 0.4 indicate weak concordance, those between 0.41 and 0.60 indicate 




Mung bean sprouts are popular fresh produce in Asian countries; 
however, they are identified as the potential Salmonella carrier. To prevent 
salmonellosis caused by consumption of bean sprouts, an effective rapid 
detection method should be implemented in sprout supply chain and 
regulatory agencies. To my knowledge, this was the first attempt to develop a 
rapid, simple and cost-effective real-time PCR based protocol for effective 
Salmonella detection in mung bean sprouts. In this study, IMS and 
centrifugation, as sample pre-treatment procedures, were evaluated separately 
not only to shorten the detection time, but also to guarantee higher accuracy.  
Prior to detection, the performance of IMS was evaluated on mung bean 
sprouts. The results showed that even under the optimal reaction conditions in 
this study, the CE of IMBs in mung bean sprout was only 38.2%, which was 
much lower than that in pure Salmonella cultures (72.0%) (Table 6-2). In 
general, IMS has been reported as very efficient method in separating and 
concentrating target pathogens from complex food matrices (Hagren et al., 
2008; Ma et al., 2014; Zhao et al., 2008). However, using IMS for the 
detection of Salmonella on mung bean sprouts was considered more 
challenging due to the commonly encountered non-specific binding of 
background microbiota to immunomagnetic beads (Foddai et al., 2010; Ma et 
al., 2014). It is known that mung bean sprouts sold in Singapore have a high 
microbial load of approximately 7 – 8 log CFU/g (Neo et al., 2013). Among 
the background microbiota, lactic acid bacteria, Pseudomonas spp., and 
coliforms are dominant with approximately 7 log CFU/g (Chapter 5) and 
showed a high non-specific binding (>10.0% of CE) to immunomagnetic 
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beads (Table 6-1) in this study probably through electrostatic bonds or Van der 
waals forces (Foddai et al., 2010). The competition of these background 
microbiota and Salmonella cells for the surface of immunomagnetic beads 
might result in the reduction of CE of Salmonella.  
After the optimisation of IMS, the performance of PCR-IMS and PCR-
cen was firstly evaluated at low inoculum levels (around 1.9 – 28 CFU/25g) 
using artificially inoculated samples in this study. Low inoculum levels were 
included due to the generally low infectious doses of Salmonella (10
0
 – 101 
CFU) (Teunis et al., 2010). The results (Table 6-3 and Figure 6-3) showed that 
100% detection for both PCR-IMS and PCR-cen was achieved after 10-h 
enrichment, indicating the comparable performance of IMS and centrifugation 
as pre-treatments in assisting real-time PCR.  
Since the effectiveness of IMS and centrifugation to assist real-time 
PCR may be affected by the presence of background microbiota or food debris 
and the target cell concentrations, it has to be highlighted that both IMS and 
centrifugation are not free of certain disadvantages and limitations regarding 
to these two factors. Firstly, for target cell concentration, IMS was less 
effective than centrifugation due to the low CEs obtained in this study. As 
explained above, CE of Salmonella in mung bean sprouts was less than 40% 
(Table 6-2), whereas a more than 90% of Salmonella recovery was achieved 
by centrifugation (data not shown). Low CEs obtained by IMS directly led to a 
longer enrichment time needed to reach the LOD for real-time PCR. Secondly, 
for the removal of PCR inhibitors, IMS may have a better choice than 
centrifugation because IMS could separate the target cells from the potential 
PCR inhibitors such as fat, proteases and polyphenolic compounds. For this 
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reason, IMS has showed superiority in assisting real-time PCR for the 
detection of foodborne pathogens (Fedio et al., 2011; Lofstrom et al., 2011). 
However, the impact of PCR inhibitors might be minimal in this study because 
the presence of relatively low levels of inhibitors in mung bean sprouts 
compared to the other food matrices such as meat and herbs. Moreover, 
boiling method to extract DNA from bacterial cells might help to remove the 
potential inhibitors from the sprouts (Wang et al., 2015). In fact, centrifugation 
plus boiling method has been proved to be an effective way to prepare DNA 
template before real-time PCR. It has been successfully applied in Salmonella 
detection in ready-to-eat lettuce salad after 10 h enrichment (Rodriguez-
Lazaro et al., 2014). It also showed 100% sensitivity in rapeseed meal 
(Lofstrom et al., 2012) and pine nuts (Wang et al., 2015). Thus, PCR-cen 
might be a better protocol over PCR-IMS to detect Salmonella cells on mung 
bean sprouts.   
The newly developed detection method should be validated by 
comparing with a standard method using naturally contaminated samples since 
artificially inoculated bacteria may be different from naturally contaminated 
ones in terms of their physical state, biodiversity of serotypes and the 
attachment to food matrices (Lofstrom and Hoorfar, 2012), which may affect 
the effectiveness of the developed real-time PCR methods. Thus, the 
validation of the developed PCR methods coupled with pre-treatments was 
conducted with reference to the ISO method. Both PCR-IMS and PCR-cen 
showed comparable performances after 12-h enrichment (Table 6-4), which 
was a longer enrichment time than that of the study with the artificially 
inoculated sprouts (10 h). The extended enrichment time required for the 
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validation study might be due to the presence of very low amounts of cells. 
Another possibility is that naturally occurring Salmonella cells in sprouts 
might be severely injured during post-harvest processing (Rodriguez-Lazaro et 
al., 2014), which leads to a longer lag-time duration for cell recovery during 
the enrichment (Taskila et al., 2012). Besides, different serotypes in mung 
bean sprouts and the different degrees of attachment of artificially and 
naturally contaminated samples might lead to different necessary enrichment 
times needed to fully recover the existing Salmonella in naturally 
contaminated samples (Phua et al., 2014, Sherry et al., 2004, Tan et al. 2015).  
In the validation study, 2 out of 60 samples were identified as positive 
by the ISO method. However, after 12-h enrichment or longer, one ISO-
negative sample was identified as a positive in both PCR-IMS and PCR-cen 
(Table 6-4). Similarly, Chapter 4 showed one false positive of both PCR-IMS 
and PCR using centrifugation when detecting Salmonella on duck wing 
samples. These “false positive” cases of real-time PCR system are observed 
not only for Salmonella, but also other bacteria such as Shigella (Thiem et al., 
2004) and Cronobacter (Wang et al., 2012). One of the possible explanations 
is that high amounts of dead Salmonella cells might be captured by IMS or 
concentrated by centrifugation and subsequently their DNAs could be detected 
by PCR technique. Another possibility is that some of the true positive results 
might be overlooked by the ISO method. In the study of Mainar-Jaime et al. 
(2013) on Salmonella detection, 18 true positive samples were not detected by 
the ISO method on the first run, thus requiring a second-time detection starting 
from the BPW, non-selective enrichment. This situation might be due to some 
other bacteria, such as Citrobacter, which exhibits a similar phenotype to 
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Salmonella on selective agar, present in the food samples and appear as 
suspect Salmonella colonies (Wang et al., 2015). Due to this false positive 
result, specificity of PCR-IMS and PCR-cen in this study dropped to 98.3% 
(Table 4); however, it was higher than that of the real-time PCR method which 
was investigated by Mainar-Jaime et al. (2013). Therefore, although the 
specificity of the developed PCR-cen and PCR-IMS was less than 100%, the 
results still fall into an acceptable range, considering the real-time PCR based 
method is sometimes more sensitive than a standard method. 
 
6.5 Conclusion 
These results showed that both PCR-IMS and PCR-cen methods were 
equally effective in detecting the low levels of healthy and sub-lethally injured 
Salmonella on mung bean sprouts compared to the ISO method, significantly 
shortening the detection time from 5 days to 14 h (12 h enrichment and 2 h 
pre-treatment plus real-time PCR). Moreover, these methods had lower LOD 
and showed significantly better performance than PCR alone method. From 
the economic point of view, this study suggests that PCR-cen might be a cost-









CHAPTER 7 General conclusions and future work  
 
7.1 General conclusions 
To develop an alternative rapid detection method for Salmonella in 
perishable food products, a promising real-time PCR based detection method 
was developed and optimised in this study. The efficiency of the developed 
real-time PCR method, including an efficient enrichment step and an 
appropriate sample pre-treatment (either IMS or centrifugation) was evaluated 
to detect healthy and sub-lethally injured Salmonella on both raw duck meat 
and mung bean sprouts, which are widely consumed food products in Asian 
countries. 
In this study, OB appeared to be the best broth for recovering both 
healthy and heat-injured Salmonella cells on raw duck meats. For mung bean 
sprouts, the results show that OB and BPW could recover both healthy and 
sanitiser-injured Salmonella cells to detectable levels for molecular rapid 
detection; however, BPW might be a better enrichment broth for the detection 
of Salmonella on mung bean sprouts from an economical perspective (Chapter 
3 and 5). 
Unlike other broths, Salmonella growth was not observed during 
enrichment in LB in both duck meat and mung bean sprouts (Chapter 3 and 5). 
A further investigation indicated that the desirable nutrient condition in LB 
increased the number of LAB in mung bean sprouts, resulting in the 
production of massive acetic and lactic acids which decreased the pH, 
inhibiting the growth of Salmonella (Chapter 5).  
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IMS and centrifugation as sample pre-treatment methods were evaluated 
for their performance in separating and concentrating Salmonella cells from 
food matrices. The combination of IMS with real-time PCR method increased 
the detection probability and decreased the LOD in the duck assay, while IMS 
and centrifugation were equally effective in assisting real-time PCR for bean 
sprouts (Chapter 4 and 6).  
Real-time PCR coupled with either IMS or centrifugation was 
successfully evaluated using artificially inoculated duck and sprout samples, 
showing 100% sensitivity. Both PCR-IMS and PCR-cen were successfully 
validated by comparing with the ISO method on naturally contaminated 
samples, showing high sensitivity, specificity and accuracy (Chapter 4 and 6). 
Therefore, with this comprehensive experimental design, the results 
would provide useful information on Salmonella rapid detection to both the 
government authorities and the food industry. Firstly, highly efficient and 
appropriate enrichment broths were suggested for recovering Salmonella from 
raw duck meat and mung bean sprouts, and may also provide reference to 
other similar food products. These suggested broths were confirmed to be able 
to recover not only healthy cells but sub-lethally injured cells, which help 
improve the accuracy of Salmonella detection in naturally contaminated food 
samples. Besides, the misleading LB was excluded with valid experimental 
data to reduce false negative results. In addition, appropriate, and economic 
feasible sample pre-treatments were assigned for different food matrices 
according to the food debris and background microbiota.  
Therefore, with an effective enrichment step of around 14 h to fully 
recover both healthy and sub-lethally injured Salmonella cells in both food 
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matrices, a sample pre-treatment and DNA extraction of around 1 h, as well as 
a fast real-time PCR detection (45 min), this newly-developed and optimised 
molecular-based real-time PCR method significantly shortened the detection 
period from up to 5 days to within 16 h. This promising rapid detection would 
enable effective pathogen control, cost saving and longer display duration. 
 
7.2 Future work 
There are still several related topics that can help extend the usage of 
this molecular-based real-time PCR detection in the food industry. This study 
only investigated the application of real-time PCR system on only duck and 
mung bean sprouts, which are the major reservoirs of Salmonella. As 
mentioned in Chapter 2, egg and egg products are major carriers of Salmonella 
spp. and have accounted for more than 15% of the outbreak. However, egg, 
especially egg yolk, contains high levels of PCR-inhibitory components such 
as a high percentage of fat and calcium (Day et al., 2009; He et al., 2007), 
which have a great negative effect on PCR amplification. Besides, the 
presence of antimicrobial substances in egg white makes it more difficult to 
recover sub-lethally injured Salmonella in eggs (Tu et al., 2009). Therefore, 
further investigations on the enrichment process and PCR inhibitors removal 
step to optimise the efficiency of real-time PCR to detect Salmonella on eggs 
and egg-related products are essential.  
Another research area is to optimise the real-time PCR protocol for the 
detection of Salmonella on products that have high polyphenolics compounds. 
Black tea and cocoa powder, which are high in polyphenolics, have been 
shown to strongly inhibit the PCR amplification (Margot et a., 2013). In my 
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previous study, using real-time PCR to detect Salmonella on garlic powder, 
green tea powder was also inhibited from matrix components. Several 
methods were tried out but all failed to effectively remove PCR inhibitors 
from these food products. To enable real-time PCR detection, more pre-
treatments should be applied to find out an effective way to eliminate the PCR 
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